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Secretion-optimized de nevo designed protein nanoparticles for eskaryotic expression
and genetic delivery

Cross Reference
This application clawas prionty to U.S. Provisional Application Scral Number

63/328,394 filed Apnl 7, 2022, mcorporated by reference herein in its entirety.

Federal Funding Statement
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in the invention.

Seguence Listing Statement

A computer readable form of the Sequence Listing 1s filed with this application by
clectronic submuission and is incorporated into this application by reference in its entirety. The
Sequence Listing 1s contained in the file created on March 30, 2023 having the file name “21-

I319-WO xml” and 15 168,885 bvtes in size.

Summary

In ong aspect, the disclosure provides polvpeptide comprising an amino acid sequence
at feast 50%, 55%, 60%, 63%, T0%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%,
06%, 9T7%, 98%, 99%, or 100% i1dentical to, and identical at least at one identified nterface
position, to the amino acid sequence selected from the group consisting of SEQ 1D NO:1-44,
wherein residues in parentheses are optional, and may be present or absent; wherein any N-
termminal methionine residucs are optional and may be present or absent; and wherein some or
all of the optional residues may be absent and not mncluded for deternuning percent identity.

In another aspect, the disclosure provides polyvpeptides comprising an amino acid
sequence at least 50%, 35%, 6%, 65%, 70%, 75%, 80%, 85%, 9(3%, ¢1%, 92%, 93%, B4%,
05%, 96%, 97%, 98%, 99%. or 100% identical to the aming acid sequense selected from the
group consisting of SEQ 1D NO:45-38, wherein residues in parcuntheses are optional, and may

be present or absent; wherein any N-terminal methionine residues are optional and may be
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present or absent; wherein some or all of the optional residues may be absent and not
mehuded for determining percent identity.

in one embodiment, the disclosure provides fusion proteins, comprising.

{a) the polypeptide of any embodiment or combination of embodiments herein;

{b) one or more additional polvpeptides; and

() optional amine acid Hokers between the polypeptide and the one or more
additional polypeptides.

In one embodiment, the one or more additional polvpeptides comprise an antigen,
mehuding but not limited to a bacterial or viral antigen.

In other embodiments, the disclosure provides nucleic acids encoding the polypeptide
or fusion protein of any embodiment or conmbination of embodiments berein; expression
vectors comprising a nucleic acid of the disclosare operatively hinked to a suitable control
sequenee; and host cells compnsing the polypeptide, fusion protein, nucleic acid, or
expression vector of any crubodiment or combination of emboduments herein.

In one embodiment, the disclosure provides nanoparticles comprising a plurality of
the polypeptides and/or the fusion proteins of any embodiment or combination of
crabodiments herein. In one embodiment, some or all the polypeptides or fusion proteins are
fused 1o a polypeptide antigen, wherein the polypeptide antigen may be identical in all of the
polypeptides or fusion proteins, or whercein the nanoparticle may present more than one
polypeptide antigen.

The disclosure also provides pharmaceutical composition comprising

{a) the polypeptide, fusion protein, nucleic acid, cell, and/or nanoparticle of any
embodiment or combination of embodiments herein; and

{b} a pharmaceutically acceptable camer.

In one embodiment, the disclosure provides vaccings comprismg

(&) the polypeptide, fusion protem, nucleic acid, cell, and/or nanoparticle of any
embodiment or combination of embodiments herein involving an antigen or encoded antigen;
and

{b} a pharmaceutically acceptable camner.

In a further embodiment, the disclosure provides method for treating an infection,
Emiting development of an infection, and/or gencrating an immune response in a subject,
comaprising adminstering to an infected subject an amount effective to treat the mfection of

the fusion protein of the disclosure comprising an anfigen, a nucleic acid encodimg the fusion

2
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protein, an expression vector comprising the nucleic acid, a cell compnising the fusion
protein, nucleic acid, or expression vector; and/or a pharmaceatical composition comprising

the fusion protein, nucleic acid, expression vecior, or cell.

Dieseription of the Figures

Figure 1. Incorporation of the Degreaser prospectively during design {ce gengrate
de nove designed secreted protein assembilies. (a) Trimeric building blocks were docked
mnto a desired geometry: tetrahedral, octahedral, or icosahedral. For the KWOCAs, designs
were run independently for DG and OG sets, while NP designs were selected from a filtered
subset of all OG designs. (b) Expression and secretion characterization of KWO{U As shows
the benefit of the Degreaser on secreted vield (positive expression in mammalian cells
deternmined as greater secretion than [3-013. Assembhies validated by nsEM are highlighted in
darker color. {c) nsEM-verified assembling (Figure 6} secreted proteins partitionad into OG,
N1, and DG groups show the enhanced secreied vield of DG desigus. (d) Constructs purified
from mammalian material assembled into well-defined particles, indistinguishable from those
expressed in bacteria (Figure 6). Scale bar, 100 nm. (¢} Lefi, representative wesiern blot of
KWOCAs with lowest d{Fiss pred and secretion vield (KO and K47) and highest secretion vield
(K100 and K101}, Right, quantification of secreted vicld, measured in triphicate.

Figure 2. Structural characterization of KWOUA 4 and KWOCA 51, (3} DLE,
SEC traces and {b) SAXS profiles of KWOCA 51 (bhue) and KWOCA 4 (red/orange}. {c}
Design model and cryo-EM density map of KWOCA 51, (d) Crvo-EM density map of
KWOCA 4. () Overlay of two KWOCA 4 subunits across the designed nanoparticle
mterface, highlighting the interface contact angle difference between the design model and
the best-fitting crvo-EM model. Theoretical SAXS profiles caleulated from the design models
{doited darker lines) are overlaid with the experimentally obtained SAXS profiles (b). Scale
bar, S nm {¢,d}.

Figure 3. Confirmation of 13 of 22 poteantially assembling KWO{L As by nsEM.
Constructs purified both from bactenal and manmumalian matenial {second and third rows)
assembled into mdistinguishable particles. Scale bar, 100 nm.

Figure 4. SEC and crystal structare of a non-assembling KWOCA. (3 SEC
profile and (b) erystal structure of the non-assembling KWOCA 39 The structure is aligned
to the backbone of a single subunit of the computational design model, and rmsd values for

the monormer and tnimer are shown.
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Figure 5. Confirmation of assembly of 5 antigen-bearing secretion-optimized
nanoparticles by uasEM. Constructs purified from mammalian material assembled into
mdistinguishable particles. (a) Rpk% RBD SARS-CoV-2 _13-01-NS§, (b) Rpk9Y RBD SARS-
CoV-2 KWOCA-SL, (¢} Rpk9 RBD SARS-CoV-2 KWOCA-10], (d} Rpk® RBD SARS-
CoV-2 KWOCA-18 and (&) Rpk® RBD SARS-CoV-2 KWOCA-4. Scale bars are 100 nm
{a. b.cyor 200 nm (d, ¢).

Betailed Description

All references cited are herein incorporated by reference in their entirety. Withm this
application, unless otherwise stated, the techniques utilized may be found in any of several
well-known references such as: Molecular Cloning: A4 Labovatory Manual (Sambrook, et al
1989, Cold Spring Harbor Laboratory Press), Gene Expression Technology (Methods in
Enzyvmology, Vol. 185, edited by D. Goeddel, 1991, Academic Press, San Diego, CA),
“Cruide to Protein Punification” i Methods in Fnzymology (M P, Deutsheer, ed., {1990)
Academic Press, Inc.), POR Protocols: A Guide 1o Methods and Applications (Innis, et al.
1990. Academic Press, San Diego, CA), Culture of Animal Cells: A Monual of Bosie
Technigue, 2% Ed. (R 1. Freshnev. 1987, Liss, Inc. New York, NY), Gene Transfer and
Expression Protocols, pp. 109-128, ed. E.J. Murray, The Humana Press Inc., Clifton, N ),
and the Ambion 1998 Catalog {Ambion, Austin, TX).

As used hergin, the singular forms "a", "an” and "the" include plural referents unless
the context clearly dictates otherwise.

As used herem, the amino acid residucs are abbreviated as follows: alanine {(Ala; A),
asparagine {Asn; N}, aspartic acid {Asp; D), argimine (Arg; R}, cysteing {Cys: €, glutamic
acid {(Ghy B}, glotamine (Gln, (), glveine (Gly; (), histidine (His; H), isoleucine (He; 1),
leucine (Leu; L), tysine {Lys; K}, methionine (Met; M), phenyialanine (Phe; F), proline
{Pro; P), serine {(Ser; §}, threomme (Thr, T), tryptophan (Trp; W), tvrosing (Tyr; Y), and
vahne (Val, V).

In any polypeptide disclosed herein, any N-terminal methionine residue is optional
and may be preserd or may be deleted.

As used herem, “about” means +/~ 5% of the recited parameter.

All embodiments of any aspect of the invention can be used in combination, unless
the context clearly dictates otherwise,

Uniess the context clearly requires otherwise, throughout the description and the

claims, the words “comprise”, ‘comprising’, and the like are to be construed i an inclusive
4
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sense as opposed to an exclusive or exhaustive sense; that 1s to say, in the sense of
“including, but not limited 10”7, Words asing the singualar or plural number also include the
plural and singular number, respectively. Additionally, the words “hercin,” “above,” and
“below” and words of similar import, when used in this application, shall refer to this
application as a whole and not to any particular portions of the application,

The description of embodiments of the disclosure is not intended to be exhaustive or
to lumit the disclosure to the precise form disclosed. While the specific embodiments of, and
examples for, the disclosure are described herein for lustrative purposes, varous equivalent
modifications are possible within the scope of the disclosure, as those skilled i the relevant
art will recognize.

in a first aspect, the disclosure provides polvpeptides comprising an amino acid
sequence at least 30%, 55%, 60%, 63%, 70%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%
95%, 96%, 97%., 98%, 99%, or 100% identical, and identical at least at one identified
mterface position, to the amino acid sequence selected from the group consisting of SEQ ID
N 1-44, wherein residues in parenthescs (as shown in Tables 1 and 2} are optional, and may
be present or absent, wherein any N-termuinal methionine residaes are optional and may be
present or absent; and wheretn some or all of the optional residues may be absent and not
ncluded for determining percent identity.

The solated polypeptides of this embodiment can be used, for example, as scaffolds
for vaccmes or signaling receptor agonists. The polypeptides based on the Table 1 and Table
2 examples form trimeric building blocks that assemble to form nanoparticies (i.¢. particles
having a widest dimension between 1-999 nm). The interface residues for cach reference
polvpeptide dentified in Tables 1-2 are those at the interface between tnmeric bulding
blocks. The tables provides the aming acid sequence of exemplary polvpeptides of the
disciosure; the nght hand column in the tables identifics the residuc numbers in cach
exemplary polypeptide that were identified as present to the mterface of resulting assembled
nanostructures {1.¢.; “identified mterface residhues™). As can be seen in Tables 1 and 2, the
number of interface residucs for the exemplary polvpeptides varies between different
polvpeptides. In various embodiments, the 1solated polypeptides are identical at least at 1, 2,
3,4.5,6,7.8,9, 10, 11, 12, 13,14, 15,16, 17, 18,19, 20, 21, 22, 23, 24, 25, more, or all
wdentified mterface posifions.

Residue numbering as shown in Tables 1-2 is based on residue number 1 being the

first non-optional residue listed (.e.; the fivst residue not in parentheses). For cach reference
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polvpeptide, the sequence of a bactenallv-expressed embodiment and a mammalhan cell-

expressed embodiment are shown

Table }

intexrface
residues

Residue 1
is first

wwoe lother Racterially-expressed Mammalian-expressed 2;2;0 al
seguence seguence
A #  iname residue
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IVEVLRVIVKAIEASVENQRISA | KEMLERLEKNPDRDVIVEVLKVIVEA
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AR SLVKKTIVE | DS TLAOVARPATI
ARFATDEELVEYTIARILL | YIA “ILbuAMyAJLATLwAt¢A¢ 5 s e g 10
\DDATLVAFIAEMLAEVR | AEVRKEAKDKELKE “1;’;% i
KEAKDKELKEKIDEILKELAKIT | TLKJ “ﬂk?nmgam*.zu &RMLEP' Pt
LKALEDSLRELRRILEELKEMLE EXKNPDKDVIVRKVLKVIVKAT EASVKN 4LLTJ?2623
T ORI SABNOKALALLG (GSE SEE 95’“’3“’f°
oL (o780
= LTI oY, du, Yo, 2
Y HHHEHHH) SEQ ID NC:26 6,97,126,1
0 SEQ ID NO:25 33

Table 2
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interface
residues
Residua 1
is the
first non-

KWOC {Othexr | Bacterially-expressed Mammalian-expressed sptional
A #  |name saguences segquenca residue

AKRLARSLRELR (METDTLLLWVLLIWVPGSTGRGS
LEKRPDKEKVIV y IMSKIAETAKRLADSLRELRRIL
VENQRISASN EELKEMLERLEKRPDRRVIVDVLK
VKEIEEDIDRA | VIVKAIEASVENQRISASNQAALA
RKLEDEGNKEEAEKVLRKAREKT LATAARAVKEIEEDIDRARKLKDE

Jargs

IS
O
N

Ly~

[SS N O3]
W o

KEVPRDALDATAKGA GNKEEAEKVLRKAREKIREVRDAL 2,
AELLVRLIKLLIEIAKLLODAGN | DATAKGAGTPDIALKAAELLVPLI 36,
KEEAEKVLREATELIKRVIELLE | KLLIETAKLLODAGNKEEAEKVLR 240,2
KIAKNSDTPELALRAAELLVRLI | EATELIKRVTELLEKIA! L 252,
KLLIEIAKLLQEQGNKEE LALPAAELLVRLIKLLIEIAKLLO 5,289
REATKMI IRVAQLLVKIAKNSDE | EQGNK KVLREATKMIIRVAQ 92,29
PELAKRAAELLKRLIELLKEIAK | I A 296,2
LLEEEGNEDEAEKVKEIAKILEE , 300,
I3 HF LEERIIG {GSWSGGGSEQK 2,303
- ND 0 S EEDLGGS) 3GGGSEGKLIS 05, 30
60 {4 SEQ ID NO:27 SEQ ID NO:28
(M) AELAIEMARQSIREAERSLL | {METDTLLLWVLLLWVEGSTGDG
EGNPEKAREDVRRALELVRLLEK 3
IAPREGSTEVLIEAARLAIEVAR
VALWVGSPETAREAVRTALELVO 5L EAARLAT EVARVALIY
ELERQARKTGSTEVLIEAARLAT REAVRTALELVQELERCA
EVARVAFEVGS PETAREAARTAL STEVLIEAARLAIEVARVAF |1,2,3,4.7,1
ELVEELDROAEKTGSKEVLERAA | EVGSPETAREAARTALELVEELDR |3,14,16,17,
RLAKEVARVAKEIGDPELARKAD | QREKTGSKEVLERARRLAKEVARV (19,20,21, 37
EVAERLDIKRTLLDLEDSLRELR | AKEIGDPELARKADEVAERLDIRR |, 40,44,47,4
RILEELKRALEMLEKLEDKEMIR RRILEELKRALE |2, 66 > G
DVLEVIVKALEASVENQRI SAEN DVLKVIVKALER |, 209 21
I3 HF | QKALARLA (GSWSGGGSEQKLIS Ws |3,21 2

EEDLGGS )}
54 8 SEQ ID NO:29

20,

(METDTLLLWVLLLWVPGSTGDGS
HHEHHHHGGSREOKLISE ;
WSG3) SKEVTERVAELAAEAVRAT
*,~M*VRH¢VPALAAVAIA““UK DKEEVIELVEELAELAKQSTDSEL

IVIYVIVKILAELAKQSTDSELY | VNFIVRALAAVAIAAQDKELVIYI
NEIVKALAEVAKAATDKELVEY T VKILAELAKQOSTDSELVNEIVEKAL
VRILLELARQADDATLVAKTARY AEVAKAATDRELVEYIVDILLELA |2,5,6,9,10,

1

LAEVRPEEAKDKELQERIDRPVLKK KOADDATLVAKIAEQLAEVREEAK |13,14,16,17
LIBITLRALEESLREL DKELOERIDRVLKKLI PLRALE [, 19,46,49,5
I3 HF | KEMLERLEKNPDKDV ESLRELRRILEELKEMLERLEKNP {0,53,546,57,
ND 0 | VEATEASVRNOC DKDVIVEVLKVIVEAIEASVRNQQ {59, 80,93, 96
95 5 B LA** TSAANQKALALLAY , 97
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SEQ ID NO:31 SEQ ID NQO:32
(M) SSEEAERIARILEEVWSPDP (METDTLLLWVLLUAVEPGSTGEDGS
I )

ENIREAVRKAEELLRENESROAE ) SSEEAERIARILEEVWSPDPENT

IEAAVRAPDPEAIREAV REAVRKAEELLRENPSRQ

RENPSTEAEELLRRAI | EAIEAAVRAPDPEAIREAVRAAEE
DPEAIREAVPAARELF | LLRENESTEREELLRRAIEAAVP/
\DSALKAPR | PDPEAIREAVRAARELFKENPSER
AEELLKRAADSALKAPDPRAIREA
LEALLELLEA] L 11.2,4,5,6,7
VENNRLNVENNKIIVKVLEIIAR | SLEELEKNPSEDALVENNRLNVEN |, 8,9,10,12,
03 _HF | VLKANARLV (GSWSGGGSEQKLI | NKIIVKVLEIIARVLKANARLV (G [13,14,15,16
ND 0| SEE s) SWSGGGSEQKLISEEDLGGS) ,17,39,40,4
69 {1 SEQ ID NO:33 SEQ ID NO:34 1,44,48

(METDTLLLWVLLIWVPGSTGRGS

DPRALEALKRACEAEK y ALEKDRPALEALKRAQEAEKKGD
TEAVRAAQEAVRAAKESGA | VEEAVRAAQFAVRAARKESGASWI L
SWILRLVAEQALRIAKEAEKQGN RLVAEQALRIAKEAERKQGNVEVAV
VEVAVKAARVAVEAAKQAGDNDV KAARVAVEAAKQAGENDVLRKVAE
LREKVAEQALRIAKEAEK QCALRIAKEAEKOGGNVDVAAKAAQY
ARKDPAQVARA EAnI\Q AGDKDMLEEK | AAEAARQAGDKIMLEKVAKVAEQT
VARVAEQIAKAAEKEGDKKVSEID AKAAEKEGDRKKVSIDATRIALEAS
ATRIALEASLAAL LEELKEM LAALETIILEELKEMLERLEKNEP DK
I OKIL3 {1,2,3,

LERLEKNZDKDV C KA | DVIVEVLKVIVEAIEASVEN 4.5,86

03 HF | IEASVRKNQKISARKNQKATLAELA { AKNOKALAELA (GSWSGGEESEQKL |, 7,9, 10,13,

 ND 0| GSWSGGGSEQKLIZEEDLGGS ) ISEEDLGES) 16,43,44,45

73 5 SEQ LD NO:35 SEQ ID NO:36 , 46,438,409

(METDTLLLWVLLLWVEGSTGEDGS
GSEQRKLISEEDLSG HHEHHHHGGSEQRLISEEDLISGGGS
S } LEEAKERVEET WSGS )} PRERLEEAKERVEEIRELT
RELIDKARKLOEQGDRIRATAVL DKARKLQEQGDRIRATAVIMEARA

MEARAQIEEVTRELEETAKNSDT
PELALRAAELLVRLIKLLIEIAK
LLQEQGQTOSAEDVLRQATELIK
EKIAKNSDTPELALRAA
ELLVRLIKLLIETAKLLQEQGNEK : ) R
EEATKVLREAEELIERVFELLKK EELIERVFELLKKIAENSDTPELA
IAENSDTPELAKRAEELIERLIE KRAEELIERLIELLEEIAKLLEEA |3

IAKLLOQEQGQ
LRQATELIKRVTELLEK
RAAELLVRLIKL

0,31,32,33
TAKLLERAGRRKEALRVLL GRRKEALRVLLKALELLLRLLKKS |, 35,3¢6,37,23
ELLLRLLKKSLDELERSLEE LDELERSLEELEKNPSEDALV. 9,40,42,43,
SEDALVENNR RLNVENNRI IVKVLEMIAKVLEMN 146, 81,92,93
- ND IVRVLEMIARVLEKMNAKAV* * AKAV** ,94,%6,97,1
77 2 SEQ ID NG:37 SEQ ID NO:38 01
(M) MALEKDRRALEALRRAQEAE (METDTLLLWVLLIWVPGSTGRGS
KKGDVELRAV, PJ\ng AVRAAKESG y ALEKDRPALEALRRAQEAEKKGD
SWILRLVAEQALRIAKEAEKQG | VEEAVRAAQEAVRAARESGASWIL
NVEVAVKAARVAVEA J\I\QAGDNE RLVAEQALRIAKEAERKQGNVEVAV
‘ EKQGNVD KAARVAVEAAKQAGENDVLRKVAE
] 4 VAAKAAQVAARAAKQAGDRDMLE CALRIAKEAEKQGNVDVAAKAAQY

ik
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KVARKVARQIAKAARKEGDRRKVSL AAEAARKQAGDEDMLEKVARVAEQT
DATRIALEASLAALEIILEELKE | AKAAEREGDKKVIIDATRIALEAS
MLERLEXKNPDKDVIVEVLKVIVE LAALETILEELKEMLERLEKNEDK
AT ISAKNOKALAELA | DVIVEKVLRKVIVEAIEAS
(GEWSGEESEQKLISEEDLGGS ) AKNQEALAELA {
SEC ID NC:39 ISEEDLGGS)
SEQ ID NO:40

(METDTLLLWVLLLAVREGSTGDGS
QKLISEEDLSC

ERAKRMLASAVWAVTD)
LEVVKELIRLAEEAMEKMTDEEE | MLASAV ERLLEVVEKE
AAKTAKEALEATKMLARAVEEYT IIRLABEAMKKMTDEEEAAKTIAKE
DNEVIEKLLEVVKEIIRAAEEAM | ALEAIK VTDNEVIEKL

KLMRNEEEAAKIAKKALEATIKA LEVVEER] MKLMRNEEEA (1,3,4,5,7,8
AEAVEATIKNKEEIERLLTLVKEL | AKIAKKALEATRKALABAVEATKNK |, 9,11,12,15%
ITRKAEEEARRMSDREKAAELTER EETERLLTLVKELIRKAEEEARRM |, 16,39,40,4
ALEKIKKLAKLAKALADLEKALR SDREKARAEITERALERIKKLAKLA |2,43,46,47,
ELKKSLDELERSLEELERNPSEA | KALADLEKALRELKKSLDELERSL G6,51,23
O3 HF | ALVENNRLNVENNKILVEVLRIL EELERNPSEAALVENNRLNVENNK 2
DG 0 | AEVLKINAELA * IIVEVLRIIAEY >
26 5 SEQ ID NO:41 SEQ ID NO:4z

WVLLLWVEGSTGDG
GGSEQKLISEEDLSGE
KEDARSTCERAARK S} TKEDARSTCEKAARKAAES
AKRAATECARVAME NDEEVAKRAAIECARPVAMEAGHMPT
AAARAAAES KEAARSEFCEAAARAAARSNDEEVA
NDEEVAKIAAKACLIVARAAGME KIAAKACLIVARAAGMPTEEAARS
TEEAAR : EAGDAR FCEAAAKAAAEAGDARVAKIAEKA
VAKTAEKACREVARDAGMPERDA | CREVARQAGMPERKDADRAFKEAMK
DRAFKEAMEQAIEETLKRLEDSL CATEETLKRLEDSLRELRRILEEL
RELRRILEELKEMLERLEKNPDK KEMLERLERNEPDKDVIVKVLEVIV

(MHEHHHH G
GGSWSS
ARESNDE
AGMPTKEZ

03 HF | DVIVEVLKVIVKAIEASVENORI | KAIEASVENQRISAKNQAALAALT
| DG_0 | SAKNQAALAALA** ok
99 13 SEQ ID NO:43 SEQ ID NO:44

In another embodiment, the disclosure provides polypeptides comprising an aming
acid sequence at least 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%, 92%, 93%,
D4%, 93%, 96%, 7%, 98%. 99%, or 100% wdentical to the anmino acid sequence selected
from the group consisting of SEQ 1D NG:45-38, wherein residues in parcntheses are optional
{sge Table 3}, and may be present or absent; wherein any N-terminal methiomine residaes are
optional and may be present or absent; wherein some or all of the optional residucs may be

absent and not included for detemmning percent identity.
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The 1solated polypeptides of this embodiment torm trimers that can be used to

trimerize molecules (such as protein antigens) fused to them. The reference sequences are

shown 1n Table 3, and mclude bacterially-expressed and mammalian-expressed versions.

Table 3

Name

I

@]
[99)
i

3

H f‘ L\J

HE DG

09

01

Bacterially-expressad

DLSGG
KAL g:;At\. GNKEEAEKVLREA
REQIREVTLILELIAKDSDTPELA
TRAAELILVRLIKLLIEIAKLI
EAEKVLREATELTIKRVTELL
EXKIAKNSDTPELALRAAELLVRLI
KLLI EIAK.JLQEOLNI\EEAZ" V;R
EAEELIKRY
ARRAA
bAL:MKDL AL i
LETLIELERS LRuLPPILE LKEM
LERLERNPDRKDVIVKVLEVIVEKAT
EASVENQORI SAENOKALARLAX*

SEQ ID NO:45

Y DERARKAVKRYVKEEGGSEER
PD ARKVREEIRKKASDKYLIQA
{”1 L\ab\ PDEAVELAEA
LQAAADNVVAY
VI E‘{] \KEVVDRIKE
AADS P EAT R KAR RMVAT VIQAL

.LE .LEKNJ'Q'.
DALVF \NRLN\’F \NKI I\’

PDLR 3 AKE LRK

GNPELVEW\ ARA
AK\/’ZAL\F.\' i K‘/Hl()r«b KE R
AALELVRAVIEAINIAVVLGDPRL
VEAVARAAKVAMREVIKVAILAEKM
GAREMERKA LELVRF FTEA
} ) P ERVE ATKEALI

ETAV

LNVENNKT 1\/
KVLEMIARVL E\}I \AKA\ J*x

SEQ ID NO:49

13

Mammalian—expressed

KALQ/\VLNI\EL/\_‘ K‘V’LRQAJ-\PLQI RE

S bT“EL]A’”Rl‘G\ELL

DELAJR/?\]\_ELL‘ /RLIKLLI E‘.:F\_I/LL
CEQGNKEEAERKVLREAEELIKRVLE
<*L{:\T1—\3""E"LHP”AAEL KRL
A DEAE I\ TKE

(METDTLLLWVLLLWVEGSTGEDGS ) SY
DERARKAVKRYVKEEGGSEEEAEREAER
F REKASRRKYLIQAAAAVVAYVIL
ELGGSPDEAVELAEAVVRAIKAAADDS
YLEQAAAAVVARFVIRKGGSPMEAVIKA
KEVVDRIKEAADSREATRKAARMVATY
PEEAVKDAKKLVDLLRALREL
KRKELBELERSLEELERNESE
DALVENNRLNVENNKL IVEVLR :
L KINALL" (GSWSGEESEUKLIS

SEQ ID NO:48

(METDTLLLWVLLLWVEPGSTGDGSHHHEH
HHEGGSEQKLISEEDLSGGGSWSGS ) PEL
EE IRPA KEVAFE \/'EI‘\'VAQRAEE C\YPD

N 'J\/ARAJ\ N"AAl* VIE KEG JNRL L
FRAAL EL”R\VTLA* I/-\V‘/L sDERLVE
AVARAAKVAAEVIKVAILAEKMGAREME

VKV, AINAKAV* *

LEMIARVLE

SEQ ID NO:>0
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T3

HF

DG_

04

AVELAIEIARWLG
ARKVAAEVIKVALQARL R
AALELVRA ’IE/“\INIA‘\“"LGDERL
VEAVARAAKVAAEVIKVAIDAERKA
GAR Z?\{F RRALELVREVIEATIEEAV
L ERVERVARKATKEALDIAL
1 L"_J’ILL JRLREMLRKLKESLEEL
KEKNPSEDALVENNELIVEVLRVIV

EVLSMIAKVLKLNAKLYV**

EDLSGG
E KAAQ KAA

AKIAE
'EKDADRAFKEA
EDSLRELRRILE

PDKDVIVREVLKY
RISAKNQAALAA

j
IVKALEASVENG

T_uz\\. * %

SEQ ID NO:53

GS ) SEXKEKVEELAQRY RL
PDTRLALMAQATLANLANALDDS
LRVVYLALRIVOQLPDTEL mEAL
ELALDAAKSTDSKALEVVRKLALRI
LLPDTEDAREAL KEAVEST
DEEERKKVKIKLKLLEALAELEKA
LRELKKSLDELERSLEELEKNPSE
DALVENNRLNVENNKIIVEVLRIT
ABEVLKINAKLA* >

SEQ ID NO:8&

nPJAJ\ELLVPL KLLI EIAI\LL\AEO
GOUTOSAEDVLREATELIKRVTIELL

EI’LJ I\\' SDTPELALRAAELLVRLI

LAKRAEEL LKQI B HLLIA
EAGRRKEALRVLLKALELLLE
KSLDELERS
! VENNRITVEVLEMIARKVLK

i

PCT/US2023/065397

(METDTLLLS\/’LLLE’\T‘/"PL TG DuSHHHH

HHGGSED
1* EWT I\RAKE
EWY /-\PAAKVA_/-\ EVI KVA OAEKEGNRDL
FRAALELVRAVIEAINTIAVVLGDPRLVE
AVARAAKVAARVIKVAIDAEKAGAREME
RRALELVREVIFATEEAVIEGDPERVER
VARKATKEALDIALKLLEMLLORLREML
RKLEESLEELKKNPSEDALVRNNELIVE
VLRVIVEVLSMIAKVLKLNAKLV**

SEQ ID NO:5Z

’TVI—"T‘DTLLLS\/’LLLE’\T‘/"PL TCDuSTlH' H

TKE
DARST ABRKA \//“\K RAATER
CARVAMEAG ! /\L‘A'Vaf\}\

70 RAnth T

L;J\.u yl ol
POKDVIVKVYE
KNOAALAALA**

SEQ ID NO:5%4

ETDTLLLWVLLIWVPGSTGRGSHHEHHE

i
(M
GGSEY I\Li SEELLS\:G(‘“-WQCQ) SEKE‘.‘\’"\"E

/

iy f\ VY LAL K \/pQLRD EJA
ALDAAKSTDSKALEVVKLALRIVQLLPDY F
DAREALELAKEAVKSTDEEERKKVEKIKLKL
LEALAELEKALRELKKSLDELERSLEELEK
NPSEDALVENNRLNVENNKIIVEVLRIIAE
VLKINAKLAYA

SEQ ID NO:36

AVILLLWVPGSTGDRGS JHH*- H
EOKLISEEDLSGGGSWSGS ) PRERLEEAK
EP‘/ E EIQE I 'K\RKJJQEQGNRVDALA
ARSQIREVTRELEEIAKNSDTPELATRAAEL
LVRLIRKLLIEIAKLIQEQGOTOSAEDVLREA
TE] S SPTPELALRAAERL

VRLIKL Y 'L
ET IERVIEL LKKI S

HG

LME
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In another embodiment, the disclosure provides fusion proteins, comprising:

{a} the polypeptide of any embodiment or combination of emboduments of the
disclosure; and

{b) one or more additional polvpeptides.

The fusion proteins of the disclosure can be used, for example, to display the ong or
more additional polypeptides on nanoparticles formed by the polypeptides based on SEQ 1D
NO: 144, or on trimers formed by the polypeptides based on SEQ 1D NO: 45-58. Anv one or
more additional polypeptides may be vsed in the fusion proteins as suitable for an intended
purposs. In varicus embodiments, the one or more additional polypeptides may comprise a
diagnostic polypeptide, a therapeutic polypeptide, a detectable polypeptide, an antigen, etc.

The fusion protein may further comprise optional amino acid linkers between the
polypeptide and the one or more additional polypeptides.

In one embodiment, the one or more additional polvpeptides comprise an antigen.
Any antigen may be used as appropriate tor an intended purpose. In some embodiments, the
antigen comprises a bacterial or viral antigen. In another embodiment, the bacterial or viral
antigen cOmMprises a coronavirus antigen, including but not lmited to a SARS CoV-Z antige
In certain non~limiting embodiments, the coronavirus antigen comprises an amino acid
sequence at feast 30%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%, 9 o, 94%,

95%, 96%, 97%. 989%, 99%, or 100% identical to the amino acid sequence selected from the
group consisting of SEQ [ NO: 59-70.

Table 4

Rpk9 RBD SAR3-CoV-2

L<'"—”7\'I’”’\'LC'7FL7E‘ TENATREASVYAWNR
VIRGDE GRTGRIADYNYKL
QAL;‘QID’ FNCYFPLOSYGEQ

(NSASESTERKCYGVSET

O Y J\‘f Y {I

WT RBD SARS-CoV-Z

REPNITNLCPEGEVENATREFASVYAWNRKRISNCVADYSVLYNSAS
VIRGDEVRQIAPGQTGKIADYNYKLPDDET G”‘/’IAWNS NNLDSE
S =

FRCYGVSPTKLNDLCFTNVYADSE
g g N
QAGSTPCNGVEGENCYFPLOSYGEOPTNGVGYQRPYRVVVLSFELLEAPAT

FST
GNYNYLYRLFRKSNLKEFERDISTEILY
VCGEPKKST SEQ ID NO:6(

S,

&1\/4 RBD SARS-CoV-2

LCPFGEVENATRFASVYAWNRKRI SNCVADY SVLYNSASESTFRCYGVSPTRLNDLCWTN \’\LA J\ 3
JIAPGOTGKIADYNYKLPDDE WNSNNLDSKV NYLYRLE PEFERDIS]
NGVEGENCYFPLUSYGEOPTNGVGYQRPYRVVVLSFELLHAPATVCGPKKST 2 ID NO:é&6l

15
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{ITNLCPFGEVENATKEP SVYAWERKKI SNCVADY SVLYNSTEFEFSTEKCYGYSATKLNDLCESNVYADS
VVKGDDVROIAPGOTGVIADYNYKLPDDEMGCVLAWNTRN I STGNYNYKYRYLRHGKLRE

A N
PALNCYWRLNDYGEYTTTGLGYQRYRVVVLS FELLNAPATVCGEGRKLST SEQ ID NO:62

SPDOKPOTER

Rpk4 RBD SARS-CoV
REPNITNLCPEFGEVFNATKEP SVYAWERKK
VVKGDDVROIAFGOTGVIADYNYKLEDDEMG

LSNCVADYSVIYNSTEESTIFRCYGVEATEKLNDLCWSNVYADSE
VIAWNTRNIDATSTGNYNYRKYRYLRIGKLRPFERDISNVEER
SPDGHPCTPPALNCYWPLNDYGEYTTTGIGYQPYRVYVLSFELLNAPATVCGPKLST SEQ ID NC:&2

Rpk9 RBD SARS-CoV

TWSNI YADS F

ERDISNVEE

GETRPTVGVGYQPYRVVVLSFELLNAPATVCGPKKST S»EQ ID NQ:OJ

Rpkd RBD BEKY7Z
QY 'FN ASNE P SVY LM‘ LRI

SDCVADYAVIYNSSSSESTEFRCYGVSPTRLNDLCWS SVYADRY
TGCVLAWNTNSVDSKSGNNEFYYRLFRHGKIKPYERDT SNVLYN
EPLKSYGE‘TPT VGVGYQPYRVVVLSFELLNAPATVCGPKKST SEQ ID NO:¢é6

“?‘ITNLC“FGF"FNHST'?DSV AWERLRISDOVADEAVLYNSSSSE CT'—'FL{F"”'""I/LNELCWTSC*YAJV
{ SIADYNYRLERDETGCVLAWNTNS VDS KSGNNFYYRLERAGKIKPYERD
SAGGTUSSISQLGUYERPLKSYGRTPTVEVEYQPYRVVVLSFELLNAPATVCGPKKST SEQ ID NO:&7

)
DEVENATREFPNVYARQRTKISDCIADYTVLYNSTSE
L PE' EVFQI] PGETGVIADYNYKLPERETGCVLAWNTAQODIGSYEYR ’
STYDFNPNVPLDYQATRVVVLSFELLNAPATVCGPKLST SEQ ID NO:éf

Rpk4d RBD RmYNOZ
NECPFDKVENATREPNVYAWQRTKISDCIADYTVLYNSTSEFSTEKCYGYSPSKLIDL
ROTAPGE KLPDDEFTGCVLAWNTAQODT GS YEYRSHRAVELKEE

YDENPNVPLDYQ! CLLNAPATVCGEKLST SEQ ID NO:e9

Rpk9 RBD Rm¥YNO2Z

DI\.'I“4FCDE'3K\/T1‘J1\_TRL‘E’\'“\'" (ISDCTIADETVILYNSTSESTFRCYGVEPSKLIDLCWTSIYADTE
LIRFSEVROQIAPGETGVIZ CVLAWNTAQODIGSYEFYRSHRAVKLKEFERDLS SDENGVRTL

STYDEFNPNVPLDYQATRY \f‘v’J S' h.l LK

GRKLST SEQ ID NO:70

In varous further embodiments, the fusion proteins comprise an aming acid sequence
at feast 50%, 55%, 60%, 63%, 70%, 75%. 80%, 85%, 90%, 91%, 92 o, 34%, 95%,

6%, 97%. 98%, 99%, or 100% identical to the amino acid sequence selected from the group
consisting of SEQ 1D NG: 72, 74, 76, 78, 80, 82, 84, 86, 88, and 90 (sce Table 3), whercin
residues in parentheses are optional and may be present or deleted. These fusion proteins
display the Rpk9 RBD SARS-CoV-2 antigen (SEQ D NG 59). The name of each fusion
protein histed in table 5 indicates which polypeptide forms part of the fusion protein. For

exaraple, SEQ D NO:74 is named Rpk9 RBD SARS-CoV-2 KWOCA-18, which s a
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fusion between Rpk9 RBD SARS-CoV-2 (SEQ ID NG:59) and KWOCA-18, which 13 also
named I3 HF OGO 18 (sce Table 1, SEQ ID NG: 3 or 4). All of these designs were shown to
retain antigenicity of the antigen. A number were tested and shown to both secrcte and
assemble; see the Examples for further details. For reference, an example amino acid
sequence and DNA sequence to be used for nucleoside modified mRNA synthesis using, by
way of non-limiting example, N1-Methylpseudouridine-5'-Triphosphate are also provided.
The sequence of SEQ 1D NGO:74 15 shown below, with optional residues highlighted
and 10 parentheses, including a hinker positioned between the two domains (1.2, signal
sequence-additional polypeptide antigen-linker-polypeptide}.
{(MGILPSPEGMPALLSIVELLEVLIMGCVARTET) RFPNITNLCPFGEVINATRFASVY AWNR

KERISNCVADESVLYNSASESTEFKCYGVSPTKLNDLCWTINIYADSEVIRGDEVROIAFPGOTGE

TADYNYRLPDDETGCVIARNSNNLDSKVGGNYNY LYE SNLEPFERDISTEIYOAGSTR

CNGVEGENCYFPLOSYGEFQPTNGVGYQFYRVVVLS

r'r

ELLHAPATVCGPHEKST {GGESGESGESG

GSGEEGE) SDEEEAREWAERALKAALEAAEQALREGDED?

AT
KCAVEL

QALEARK

NJ
.*.—]

ARAVYWAARAVLAALEALEQAKREGDEDARRCAEELLRLACEAARKKNSEQARAVY EAARAYV
LAATRALEAAKRAGMEEARKEA

e
d
[11

P'_l

SELLRRACEAARKODPELARAVEDKAELLKALADLEFKALK

ERLEKNPSEDALVENNRINVENNKIIVEVLRITAEVLRINARAV

In the DBNA sequences shown below, the amrangement is {optional fnmatory{optional

STUTR usion protem open reading frarae-{stop codons Moptional 3"UTR Hoptional PolvA

Rpk9 RBD SAR3-CoV-2 13-01-N3
Amino acid:
(MGILPSPGMEAL

SLLSVLLMGCVARTGT) REPNTTNLC
TK.JADLCWTNIE?\DQF\/’IQ”D—‘" Q0
PEERDISTEIVQA

PEGEVENATRFASVYAWNRERISNCVADES
APGUTGKIADYN YE\LPDDFTG VIAWNSH
”S.TPCNG EGENCYE DTN”‘/’CYQP&P‘F"’

i L VAVLRAN!
TEIVSPHLDE
SGVNLDNVAEWEFEAGY

VEAMKLG PGEVVG k’QL J'h}\}’KL:EF' PN K[ VRT

QAVGVGEALNEGT PVEVAEKAKAR fEKI EGATE (SEQ ID NO:72Z)

TEYMPGVMTPTE

My}

DNA:
(AG) (GA Lx"lu—\J—\K‘TAGnATT‘CT ’“TGFT(C’”‘T"DG CT ’?YJL\.CHU.F\Z\' CC’”‘C]A”C‘ ATGGGCATCCTGCCA
AGCCCTGGAATGECTG ( GATGCGTGGCAGAGA
CC ACAAGGTTCC CATC C [GC 'x. } AG "'". ACACK TT

'uTnTGC”T(‘u— \AC

'GTGA(‘CCUC’T—\_CCAAGCTGAACGATCT( TG
GAAG TGF&\JHL/‘Z\C(:L\&mCGC AGGE

AGGACAGACC

SGAN 1‘ AGCAATAAT
TTTGAC
TTCAATTGTTATTTT

G s}\C‘ X

AGATCTAC C/\uG

CCGGECT “TAC ACCCT \JC/-\/\C
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G FGGACCTGATAGAGATCACATTCACGETGC CAGAT GC _—zATAC GG VAT TA Af‘ LAGC GAGT
AGATGGGCGCCAT ;TA"?GCG C AG. /—u—\bC""’?TCu JETCC.GGA
CGAATTCATA CCTCAT AT

ACC "\T T T cC A}\m i

SO T
GCAL

G G 1 ‘AC T G C
TCCCAGGTA

A Cr CAATGCA

L:(‘Tf ,C'C‘ CTTTCCCGTO

S ACCTRCCCCT
7\.L TGCCCCA

AATTTCGTGCCAGCCACACT

AAARARADNRARR ABAA
SEQ ID NO:73)
Rpk9 RBD KWOCA~18
Aminc
{(MGILPSP LSVLIMGCVAETGT) REPNITNLCPEFGEVEFNATRFASVYAWNRK CVADES
\iLY\'\\ASP : CyY f,\/ ’3 PT GREVROIAPGOT DYN PODETGCVIAWN S
LDSKV YRLFRKSNI STPCNGVEGENCYFPLOSYGEFQPTNGVGEYQRYRVVY

L,:‘ FELLHAPATVCGPKKST (GGS EEEAREWAERALKAALEAAEQALREGDEDAFKCA
VELLECALEARKKKDSEEAEAVYWAARA AXREGDEDARRCAEELLRLACEAARKKNSEQARAY
YEAARAVLAALRALEAARKRAGMEEAR WEJ—\ME LRPACE ARKQDPELARAVRDKAELLKALADLEKALKELKK
SLDELERSLEELERNPSEDALVENNRLNVENNKI IVEVLRITAEVLRINARAY (SEQ 1D NO:74)

TGGLA\JAG/\
“C TbTTTJ&ACGC"‘A("“’“GC’”TTCCCT"‘
TAGCGCOTCC

TTACGCCG

COGe

Tlu ! 'TTHM—\["'”TCTTL' GO

CTCTACACCC

TT T’I ] TCC"”G AG""T”,LA

ITTGAGCTGCT

—LXACTCCT

AL GTCC
G e ATA 5 WCAAT A}. >
GCTCCGER TinTC G\,TLMAGTGLL CCGAATTAATGCAC GTT (TGAT :A) {(CTCGA
ANTG CCTTTCCCGTCCTGGGETE CCCU:AG TLLCCC ACCTCGE
CTGCTAGTTCCAGACAL CC1—\U~',
CCCCACGGGAAAL GTGATT WGCAATAA
TTGETCAATTTCGT ,AL”\C"( by (z(,h’\i;k,,- (
2

AADARBBDPARD _\./ \ ‘{15.}\]\;\}\.’ \ ‘{A}\z\} _\_ VIVYCY ATATCACTAMPAADAAADARBDANP DDA ADARADARADIAR
AAAAPARAARARAARAAAPARAARARAARAAABARAAY (SEQ ID NO:75)

RFprk9 RBD SAR3-CoV-2Z KWOCA-4
Aminoe ascid:

18
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ILPSPGMPALLSLVSLLSVLIMGCVAETGT ) REENITNLCEPEGEVENATRFASVYAWNRK
VLYNSASFITFKCYGYSPTKLNDLCW IAPGOTGKIADYNYKLPDD

TNIYADSEVIRGDEVRQIAPGD
NLRSKVGGNYNYLYRLEFRKSNLEPFERDISTE 1VpA(ﬂTP('“L:VE,GP
LSFELLEAPATVCGPKKST {GGSGGGSGEIGGSGS ) TE \/L'KKAR[
ARAAKRAAEQGKTEVAKLALKVLEEAIELAKEKRSEEALKVVLE
ATELAKDDRSERALKEVLEIARAALAAAQLAKKGRDDEAR WILNI L
ERLEKNPDKDVIVRVLKVIVRKALIEASVENORLSAENOKALAELA (SE

QS Y L?“'-"- PTNG

CAGACTCAGAGAGAACCCGCCA

> \CCCM;L [T \,k,CT-’EC'l"' ]T](\.DDG’F\)\/T] ~CTGATG
CPVJC/\CAAu\JTi"LL“\ACATL“\,C’/?\ATCTG GCCCATTCGGLCGAGETGTTTAACGCT ;\.C’/—‘\C(‘(:TTTGCCTC

CGTGTATGCCTGGAACCGGAAGAGARATCTCTAAT TGC”TGF”CG \CTTCAGCGTGCTGTACAATAGCGCCTCC
TT T("’"ACCT‘TTA}\GT CTATGG ACCAAG "?Dx CT(:T’?C GGACAAACATTTACGCCS
PTTGTGATCC GCGAT ! VAAGATCG

TAAGCTGCC] C;',\(\vl"l‘""f‘”
GGCAACTACAATT

AGATCTACCAG

TR
!
~

aAT CG C by

T TATT

'“CCC"TC ]—\Gr‘" TTA
STGTC CA

TTGAGCTS

Az TTCG]U:;AGC\,LAAJC GCT .—;An
DxG'ITLv' AARACTCGC C’“sz\‘ CCT \CTCGAGGA GAARRALC

—«Tmrn 1T

.AAA

TCCG \Au 'L‘\GCC’ ¢ I GAZ \.-’ GmAL: reT CC;, CA ¢ > C G 5CAGC \}\A}‘U\G
GCCGCEATGATGAAGCTCGGAAAATTCT _—zA GC AGTC
ACT TCC"“ GAGTT' =t GC bZ\TC CTTGAG TGAGLTF‘A‘L&\ AAHTGC sz\ =C C“TT(:uAGl\J—\J—\fJ\TC’“TbA' CARR
Lu—\C’?’ AAGTGATTETCAAG C"" ATTGAGGCCTCCETEGAL AACGCATTTCCG
C [CAGARG TTG ) (CTCGAGCTGGT =CATG k,J»\.C GerAT GCTAG
CTGCCCCTTTCCCGTCOTGGETACCCCGAGTC 73(._/\3TC,‘<P((‘MCCC’\U TATGCTCCCACCTCCACCT
GCCCCACT CAC CACCTCTGCTAGTTCCAGACACCTCCC L\AG ACGCAGCAATGCAGCTCAAAACGCTTAGCCT
CCACGGGAAACAGC ]—\ GTGATTAACCTTTAGCAATAAACGAAAGTTTAACTAAGCTATACTAAC
TCAATTTCGTGCCAGCCACACCOTG AGC) (AAARAAAAAARAAAAAARAAAAAARLL

SACTALALAARA 1»\AAmA}\4 Y ANDALARNAADAADANDALARANADAADANDAL
A_/-u-uKAmLJx_/-u-\_) {SEQ ID NO:77)

e
(COCTY -;r(, TGAR

Rpk9 RBD SARS-CoV-2Z KWOCA-46

,r»

Amino

ALLLS

LV‘:TM SVILLN GT) REPNTTNLCEFGEVENATRE

SPTKLNDLC »7 NI il\DiF\/’IQ’?DT‘ VROIAPGUTGKIA
’\Ti*"”L RKSNLKEPFEE Af"TPC NGVEG E‘\J\/fj:‘_;QD;G
PRKST {GGESGGS = 3GGS K '." ARQATKEAERZ
L [EVLIEAARLA] . EAVRTALELVC ;
LA' E‘.v /-\R‘/'AF‘I\V\_SP TAKEAVRTALELVKEL I\AO] LKTGSDE\/LE:\.V“-\J{_‘LnI\LJ\/A?{v:d\m\/ 3 "RAARKADM
VAKIADTLRELMESLRELRRILEEL r(?‘!IL"P ERKNEFDEKDVIVEVLEVIVEATIEASVENQRI SAENQAATLASLA
SEQ ID NO:78)

‘I("'\l",\ OF

7\;\7 SJ

TGGGCATCCTGCCA
SATGCETGGOAGAGA

GTATG : CTGGAACCGGEA \J{GA@L{\ CTCT: {\ TG
CTACCTTTAAGTGCTATGGCGTGAGCCCCAL
CTTTETGATCCEEGGECGATGAAGT GA
CT GACGATTT (‘A\,
TATCT UT: CAGG

C —TGG\,U fQTTx, e 'iJTG\,T(—TAC_/?L/“-\_TAGCGCCTCC
K_Gbi'n& CGATCTGTGCTGGACARACATTTACGCCG
! COGGABAGATCGCAGACT

(5 ?ACAL:ZA

FCTGGATTCCARAGTGGGC
CCT ﬂ{AL—'\,C ATTTGAGCGGGACATCTCCACCG
uGC’”TC J—\T ! '~TTATT""””("C’“T(~& AGTCTTA
TTTGAGCTGCTGCAC

TCCGGAGGCTCT

T
!
-
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GCGA

CGCC
=CCCTCA
(.'-(:xﬂ,fx

o ~

.GGC"HA(AT(\’ 'ACA
G JI’\.\) CTCAAGGARATC WGAGACT ‘CGACn
A_/?u“\_GTLATCCTT: \GGC 75'7‘TG/?\/“-\’" CAAGCGTTGAGAR
CTA'TTCTL;(”"T {(TGATY (VTL@A CCTGSAA( TGCAT
{ By CAGGTATGC

Teces o
AABACGCTTAG cc TAG

TAAGCTATAC

TGCAG
GAAAGTTTAAL
]%r’\z{\_/—-\ AMPANRDA
J—‘JJ Z\‘L\LL\HJ'\J‘\JJ Z\A‘D@J—\}}J\A‘D\H AAARDNANDA] Z\‘LMLL ALAARDBAADARN
CEa TH NGO 79
SEQ ID NO:TY

;

AETGT)
IDLVRKTS EKTIRE
{RAETPEE RAAEEMVKLT KEEAEDVL
REATELIKRZ TELL:K ARD JJD'T‘?EL_/?\,LR:%xELL"‘fRL KLLIEIAKLLO KEEA EKVLQEZ ELIKRVAR
LLLATALLADTPELAKRAAELLKRLIELLKEIAKLLEEEGNEDEAEKVKEEAKELEELVRWLEEQIRG (GG3G
GSGGSGS) REENITNL C?T"’?”’ NATREASVYAWNRKRISNCVADESVLYNSASEFSTEFKCYGVIPTKL
TDLCWTNIYARSEVIRGDEVROIAPGOTGKIADYNYKLPDI \FTG\,\/I N SNNLDSKVEGNYNYLYRLERKS)
DISTEIYOAGSTRPINGVIES rF’I\L, FRPLOSYGEFORPTNGVGYQRYRVVVLSFELLHARPATVCGRKKST
ID N&:80)

CEETRRA

DNA:
(AG) (GAATAAACTAGTATTCTTCTGGTCCCCACAGACTCAGAGAGAACCCECCACC) ATGGE
AGCC A "T GCOTGCCCTGUTGAGCOTEETGTCCCTECTETCTGTEUTGCTGAT GGG

CC¢

CGAGGCCGE

IAL,, AGCCGATGAGCTACGCGCTGTAGCTGAGC

CAACATCGA

SCAGCGACTTAAC
'GGTCCGCARGAL

ATTGAAC
CAAGCGAAT

5 AGGCTGCAG y(sni; cT TGACAGACGAGAAG

ACCATACGCGAGGAGATCAGAAAAGT CAAGGAGGAATC T AAACGCATTG T GGAAGAGGCAGAGGAAGAGATTA

GGLGCGCAAAGGAGGATAGC 1—\4—\1{}\ SAATCGTGACCGAGGCACTCAGGCGGGUCAGGGAACAGATAAGAGAGAA
GGGRAAGAGCT" G CARAGCGAGCCGAAALC AC(‘.“GAAL: ATTACGAGCGG

5 TC GAAT ‘.GCA(;-A}\J'

\—1

o
IRE

GTCCTCCGLGAG
T_/?\,CI CCGG! \/\\,T '\JC/-\CTT'V'\JGGCC ZCG/?\/“\CT TTC CTTCGTTTA
AGA bAAAG T CC""T CGCGAG

UGG C" ATCGCACT
mT o Tk AR

"'GG{ G '\JC AGC GUUT CcC G JZ\\.LTGC TCT L,'\J:\GGC}{Q ;GC TCCAGGTTCCCTAACAT J;\C CAAT Q_ZT GTG LLJI\_T
GGT '~TT HJ“LC"N . G GTGTATGCCT GG, %HCAGHJ\T("““THJ\TTGCG =
1 : N'“'“'V”FFTAC(‘.T, . 7
) 3 TACAARCA T TTACGCCGACTCCTTTGTGATCOGEEE

ACCAGGACAGACC GGA: GJ T CGE :;HG_/-\,\, TAVEM_\C Tz TAAGCTGCCTGACGATTTCACAG JC '1_:
TGGAATAGCAAL ACTACAATTATCTGETACAGGCTGTTCCGCAAGTCCA
ACCTGAAG FtTI‘—\CC}\J; CCGGCTCTACACCCTGCAACGGCET GG‘Z\
GGGCTTC T CCAGCCTACAMATGGCETEGGCTATCAGCCATA

; CAACCGTGTGC GAAGAG
C 'GCM\TGﬂTJ{(::TGCCCCTTT\.\,LGTC STAC CCLL:&JTCTLL:
CCCAGGTATGCTCCCACCTCCACCTGCCCCACTCAL 'Z_‘—\CCTCT";(‘ A Tm”(mrk\bﬁ' <
GCAATGCAGCTCAAAACGCTTAGCCTAGCCACACCCCCALC CAGTGATTAAC C T
AAAGTTTALC G TAACCCCAS $
SCTAGC) {AAAAAAANNAARAANNAPAAAANABAARANAGC]
AARAAABPARDAAADARBDANP DDA D D ARBAAADIARDDD] ‘{A}\z\}u_\ }

CORT

Tl GG

~m

3:’

20
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Rok9 RBED

S
Aminc acid:

(MGILPSPGMPALLSLVSLLSVLL IGC\/’A:T’?T REENITNLCPFGEVENATRFPASVYAWNRKRI SNCVADES
VIXNSASEST (VS PTRLNDLCW YADSEVIRG T(j"RQ IAPGRTGKIAD {N‘ KLPDDETGCVIAWN I
NLDSKVGGN ;JYRL '‘RKSNLEKPF STEIYQAG “TP(,M VEGENCYFPLOSYGEFQRPTNGVGYQRYRVVY
LSFELLHAPATVCGPKKET {GGS \JDGSGJ»J\JGSGZ)' SDEEEAREWAERAE }u\'V\"EALEgA‘\"PL(—DEI ARLCA
KMLEILAREA I\I"DoEEJ—\;EA\/*YZW—\J—\“\A\/*LE\J—\LEA CAKREGDEDARRCAEELLRLACSAAARODSEQARAY
YEAARAVLAA] ] AP\QAUML“ EA '{Kbrxl“ ELL RRA( EAARKQDPELARAVRDKAELLRALADLFRALKELER
SLRELERSLEELE SEDALVED NEIIVEVLRITAEVLRINARAY (SEQ 1D NO:82)

DNA:

(AG) (GAATAAACTAGTATTCTT 8 ,JAL“GAVTC7CACAuAAhP(ﬁwC“C:
AGCCCTGGAATGCCTGCCCTEE CCTGGTETCCCTGLTGTCTGTECTGCTEATGE
CCPFCACAFCQTTCCCTAh“ATCAFCﬂAT"m“ ~CCZ\TTC GCGAGGTGTTTAACGE

CGTGTATGCCTGEAACCGGAAGAG A""" T( FAATTGCGT GG
TTCTCTACCTTTAAGTGITAT GG TCCACCAAGTT o
~p 11‘ TCTGATCCGEEGGEE r.‘v o ~m _:' ey "'.’ GA CAGGA - GC}\(J/\&,

o
>

COGACTTOAGCOTGOT

T TR T T

GCGT TAH
TTG > ;C"

AAGH 'I TC
C Z\GC A AAA'

T T T AAA G C [
CCTTCCGAGG!

Il vl

oG 1"1‘ SAGGTGEC \TTATCGC

GGA CGAGGTGC VGAAT Tr" xT GCTAGAGCCC f" )

CA 1TG TAGCTGCCCCTTTCCCETCCT JT}\C””CG}XG'ECTCCCC CG ’{Ct TC
CTCCACCTGCCCCACTCACCACCTCT .._i— WGTTCCAGACACCTCCC Z\ACCI—\L("F‘

AGCTCAMAACGCTTAGCCTAGCCACACCCCCACGG G/-\AAC GCAGTGATTAACCTTTAGCAATAA

MACTAAGCTATACTAACCCCAG TTGETCAATTTCGETGCCAGCCACACCCTGGAGC Fx’\u Ci (

AAAARABPARLAAADARABDANPANARABAPACCATATGACTAALANARAABPARADAAADAABDADL DDA BDDAA

AAAMAPADAAANDAAALAAAPANAARAADPDAALRADPADNDA) ( SEQ ID NCO: 33 )

5

Rpk% RBBD SARS-CoV-2

GI GMPALLSLVSLLSVLIMGCVAETGT ) DESVDLAVKLAEALRKEAEELIKKARKTGDPELLRKALE
ALEKAVKLVEDAIKRNPDNDEAVETAVRLARELKKVAERELOERAKKTGDPELLKLALRALEVAVRAVELATKS
PN { EKVA LERARKTGDDELLRLAKRALEVARRAVELALKSRPDAEEARRVYTRLT
d POKDVIVRVLKVIVKATEASVENCRI SAENCKALARLA {GGSGES

3GES) REPNITNLCPFGEVENATRFASVYAWNRKRI SNCVARFSVLYNSASFSTEFRKCYGVSPTKLND
LCWTNIYADSEVI P _—zuEVL'g AR CYIALYN ¥ I/L DDEFTGCVIAWNSNNLDSKVGENYNYLYRLFRKSNLK
PEFERDISTEIYQAGSTPCNGVRGED TNGVGEYQPYRVVVLSFELLHAPATVIGPKKST (SEQ
ID NO:84)

DNA:

{ (GAATAMACTAGTATTCTTC ACTCAGA AARCCCGCCACC) ATGGEEC
AGCCCTGGAATGCCTGLCCT GO STGCTGCTGATGGGATGE
CCGGCACAGATGAGTCTGTTG ACCTU:CTGTAAM'\JC A CCC"TC CGCAAGGAGGCCGAGGAGCTGAT
ARAGAAGGCTCGGAAGACAGGCGACCCCGAAL TAGGAAGGCTCTCGAGGCCCTCGAGARAGTTGTGAAG
CTTGTCGAGGACET { C GAL AA F(y}“\\ GAGGCCGT TCGCTLGES

AATTGAAGATL CGEGCCAAAAAGACTGGT
TCTGAGA(‘LVJT\: AGGTGECAGT CC GCGCCGTAGAACTGGCC? T';A./\uTL“u
TTALGACTGCTGETGCGAGCTT GCAAAGGAGCTCGAGAAAGTGGCACGUGARLTG "‘TGC“ AGAGC

AACTCGC
SATARCGATGAGGCA

'CGCAAGA

21
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:
[

)
T
]

QI

Fay g

AGAACCAGAAAGCCC T \JGC A GGI\.'\JGC "CTGGAGGCAG
TTCGGCGAGHE
TGGCCHACTTC
CCAA( CTGAACGAT
CCAGGAL
G/?\ "TTCACAGGCT '\JC GTG. {TCGCCT LAA_'
TGTACAGGCTGTTCCG { : fTACC GAS

TGCAAC TCTTACG
GCTGCAC

"
3 or

)F) S

o
i

T G C \

G () ‘_
G QO3
k-3 ]

~

ACTCACCACCTCT T(’z@\}

[ 'A\;LLLJ“"“"CCI"..A('(SL;L:. : AR T TAGCAATARACGAAAGTT
ACCCCAGGG TCAATTT CACC GAGCTAGC) (A}\J»\ AA 2
AABAAGCATATGACTAARRARAR \A}\mA} \.1»\1\}\:J‘u&\.f»\.z»\AA}’V‘»L\J»\.1»\A!\m]‘sjf\.7»\.1»\AA}"J\JC\.7J\.!»\AAZ‘J\JC\JJ\.]»\.A}\m]‘sjf\Jl\.I»\AA}"x

ADAAPADALAAR) (SEQ ID NC:85)

ARS-CoV-2 KWOCA-100

; JLIMGCVAETGT ) REENITNLCPFGEVENATRFASVYAWNRKRISNCVADE S
KCYG IDLC ATNIYADSEVIRGDEVRQIAPGOTGKIADYNYKLPDDETGCVIAWNSN

! <DI STEIYQAGSTPCNGVEGENCYEFPLOSYGEQPTNGVGYQEPYRVVY
S TEETIEMARQLIKEAERALREGDPEEARMAVEMALA
LI VGSPETAREAVRTALELVOELERQARK EVLIEAAR
2y ~\EAVr\ AL"T v(E IgO LKTGSDEVLERAAERLAKEVARVAKEVGDPRAARKADM
LRRILEELKEMLERLERKNFPDKDVIVKVLEKVIVKATEASVENQRISAENQAALASLA

L\“Plfl‘kQ“PK”" [V
LATEVARVAFKVGSPET
VAKIADTLRELMESLREL
(SEQ ID NO:56)

GTCCCCACACL

L,C”."irc T aALzC"T("a TGTCCCTG o7 \:T'V" (G
CCGG Ln'v}\_/-\uu T'”CC-AA';ATC \CCAATCTGTGCCCATTCGGCGAGETG TﬁJ\'»'GC ACA"VGC—'
CGTGTATGCCTGGAACCGGAAGAGAATCTCTAATTGCETGGCCGACTTCAGCGTGCTGTACAATA ﬁCGCCT CC
TTCTCTACCTTTAA \:\: ATGEGECET ( AGCCCCACCAAGCTGAACGATCTGT \JL,T,‘FACAAF\k A
ACTCCTTTGETGATC C AL CJ»\ G GA\,ALJ}\ CCG
CTATAAGCTGCCT ATTT CA'\,ALJ’ GCTGCG £ CAAAGTGEGEC
GGCALCTACA ’{TT TC'F'GTACA 4G\,T( TTCCGLI&L\.GTCC.ZA;}\'»IC{L -vﬁu{GvC’/—-\,-TTL,AG UJA ATCTCCACCG
AJAT(‘ 'ACC Z\'; GAGGGCTTC: J—\TmﬁTTﬂTTmm”(‘ C’*T("”HGTCTTA
GGTGET

ATCCTGCCA
AGAGA

el
AR

CCCAAGAZ
ACAATCGAAATGGC TALACA_/-\,\, T CA A./ AAG CnA C TGAGCGCGCT CT G_/-\,uALn

CCGAGGAGGCCAG;N?\,TG “\JGTCGA AATGGCTTTGGCCGCTGTCCGTATACTCGAGCGCCAAGCT
CG CA =GCTGCTAGGCT GGCS J—\TCG’—AGGTT(””’TLXG\:L;T@” CACTGA
AGTC =G CA CAGGACAGCACTTGAACTT CAAGAG '“’.’G\aAAC"»‘CCA

] AGGCCGCACGGCTGGCTATTGAGETCGCTAGGGTGGCT
GGAAGCAGTTCGCACCGCATTAGAACTTGTTAAGGAGCTGATAL
I CLAGGnTC"’TG GCGGGCTECAGAGCTTGCTARAG, 75(—VTGGCAA\JGGn
LXGATT;L GGTTGCCAAAATT ACCCTCCGE
; AACTTAAGGAAATG GGCTCGAGA.
GT JAT CGTTAAAGCCAT

ceee
T \,A\) \af

TGAAGGTTCTTY GTCGAA
CAAGCTGCTTT TT(‘L—V\JK 'GATGA) (CTH 5T
'CCCGTCCTGGEETACCCCGAG CCCCCG A CTCGGGTCCCAGGTATGC
CCA CCACCTCOTG “IA(,'T'.‘CCAL[—\ LJ““.‘ ccae C = C. '. GCAGCTC
.AAAA.( ""‘h(y\,\f . SGCARAACAGCAGTEA AAGTTTAAC

AR
CC

TAAGCTATACTAACCCC !»\Gr CGTGCCAGCCACAC AAPARDAA

22



WO 2023/196871 PCT/US2023/065397

r\
,‘\
&

Rpk9 RBD SARS-CoV-2Z KWOC

id:

Amince a

(MGI LPSP(~'VIDALLCL‘ /SLLSVLL “’IGC\/’A]T’?T REENITNLCPFGEVENATRFPASVYAWNRKRI SNCVADES
VIYNSASEST Y GV S PTRLND YADSEVIRGDEVROQIAPGOTGKIADYNYKY P.'?"“‘"l’(yf“\«'f AN S
NLDSKVGGN ;JYRL“’RK‘QL\:L{\L 3 TSTEIYOAGSTRPONGVEGENCYFRPLQSYG YORPYRVVY

L’FEL' HAPATVCGPKKET {GGSGGEEGESGESGESES ) GRELKOLAEVLE A*QRL_/-\,E_(ARI\LIW DH EEAKKIQE
EARRAKRMLASAVWAVTDNEVIEKLLEVVKEIIRLAREAMKKMTDEEEAAKTAKEALEAT KMLARAVEEVTDN
EVIERKLLEVVKEL IF’AAEIZA?\{VLMRW&ELAAKIE\KKAT ATKALAEAVEAT {EEIERLLTLVKELIRKAR
EARRMSDREKAAREITERALEKIKKLA ALRELKKSLDELERSLEELERNP SEAALVENNRLNY
ENNKIIVEVLRITAEVLKINAELA ( SEQ ID NO:88)

-

~

)\

e

;.

U
=
b

QO

3

,ZI'I‘T?\I‘G \3;‘,’.‘7\‘1‘(‘ ( ; ITTAC
TGETGATCC GuuG'v'\JATGAALTG/-\G GAT A'\,'C’/?\GG]A AGARC GACTA v
'GGAATAGCAALCA

GT GC GGCCC

AL L\hr TL::—"W ¢ '. CTCCTC
i ‘GI\AG}"JXGJ»\ TGE ACGE GAAGCTGCCAAG
"‘T G/-\\_ GAA uT G/\\,ALAT A /“\TGnAG

J:-A' TGCHL;LT Z\GATCG

5C lrrAG'\

AAAGCCGOTGAGATCATTCAGCEGECACT CHAG A AAAGE GOTARRG
ATCTTEAGARAG Tf'—AGCGGJH TC GGAAGAGC TUJ—JLXGCG

LHZ\”("“TTU”’?D GCC ’?AA "”"”TG/—U—\TGA‘_G ACAATAAGATCATCGTCGAGGTT

CTCCGE AGG \,AAAAI il CECG (”\»rﬂx’l’(yA) {(CTCGAGCTE { ‘C’,‘Ai G

CACGC TCCCETCC CTCCCCCG CA ’\"T ATGCT

C L,\,A CCTC ACTCACCACCTCTGCT 1»\( TTCC C A'C' crce L,mAL:( ACGCAGCA A

ARAC _—IVTT_ WGC TAGC ACACCCCCACGGGARA 'VAGCF-_GTGATTF AACCTTTAGCAATAAAC Zm\_/-\C TTTAACT
CGTT(""T("A./—\T""’””G: CCAGCCACACZCCTGG

BAGCTATACTARA CC C
AAAABAAAADABAR,
AR f\.1»\AmAAJ»..»\.1»\AmAA.

GC T {
ATATGACTAAAAAAAADNDAAT A]—".AAA}«AAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAY  (SEQ ID N©:89)

SARS-CoV-2Z KWOCA-101
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CY Lz\’ PT .‘uN LWINTYADSEVIRGDEVRQIARG I ;JY“Yk DDFTGCVIAWNS!
NYLYRLFRKSNLKEFERDISTEIYQAGS TPCT\I(‘ VEGFNCYFPLOSYGFQPTNGVGYQEYRVVY
ATVCGPKKST (GG3GGSGSGGSGGSGS ) SDEEEAREWAERAEEAAKEALEQAKREGDEIARLCA
ARRKKDSEEAEAY {s/\? A ><AT LAAL l*ALF"H&KHGDFDARRL,A CELLRLACSAAARQDSEQARAY
{AA" RALEAAKRAGMEL DLRRACEAARKODPELARAVRDKAELLKALADLEKALKELKK
SLDELERSLEELEKNPSEDA KITVEVLRITAEVL ARAV (3EQ ID NO:90)
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AAGCTAG
WAGCGCGAAGGGGAT GAN
AAGGACTCTGA GGAL'\JC C CAGL—'\LAG
. CTARAA( "GC ;

‘, TA \AA\,
T C C C G JI’\(‘\.\/]'.] T ’Q CGAG 5T ARG A,AQAL: CT ’1‘ *
T \JAG TLCA\C AT( TC C

oCT T TCCCGETCCTGG

C CcC CAL
G Z\’}CGTT(ST“TCJ—U—\T""T"“Gn GCCAGCC

.AW«AAA ‘-\AAAAAA AAAAALAADAAAAARAAGCATATGACTARAAAARANRAAAA

AAAAARAAAAAARAAAAAARAAAADARAAAAAARAY (SEQ ID NO:91)

In another aspect, the disclosure provides nueleic acids encoding a polypeptide or
fusion protein of the disclosure. The mucleic acid sequence may comprise RNA {such as
mENA}Y or DNA. Such nucleic acid sequences may comprise additional sequences useful for
promoting espression and/or purification of the encoded protemn, including but not hmited to
polvA sequences, modified Kozak sequences, and sequences encoding epitope tags, export
signals, and secretory signals, nuclear localization signals, and plasma membrane localization
signals. It will be apparent to those of skill i the art, based on the teachings herein, what
nucleic acid sequences will encode the proteins of the ivention.

In one embodiment, the nucleic acid comprises mRNA. The mRNA may be modified
as appropriate, for example, for use as a vaccine. In one embodiment, the RNA comprises
nucleoside-modified RNA| including but not limited to Nil-methylpscudounidineg-57-
triphosphate containing RNA. In another embodiment, the mRNA comprises self-amplifying
mRNA.

in a further embodiment, the nucleic acid encodes a poly A taid (DNA) or comprises a
poly A tail (RNA)}. In another embodiment, the nucleic acid encodes a 3™ UTR and/ora 37
UTR (BNA) or comprises 4 8 UTR and/or a 37 UTR (RNA}.

In exemplary embodiments, the nucleic acid comprises the sequence sefected from
SEQIDNG: 73,75, 77,79, 81, 83, 85, 87, 89, and 91, wherein residues in parcntheses are

optional and may be prosent or may be deleted, or an RNA expression product thereof.
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In another aspect, disclosure provides expression vectors comprising the nucleic acid
of any embodiment or combination of embodiments of the disclosure operatively bnked to a
suttable control sequence. "Expression vector” includes vectors that operatively hink a nucleic
acid coding region or gene o any control sequences capable of etfecting expression of the
gene product. "Control sequences” operably linked to the nucleic acid sequences of the
disclosure are nucleic acid sequences capable of effecting the expression of the mucleic acid
molecules. The control sequences need not be contiguous with the nucleic acid sequences, so
long as they function to direct the expression thereot. Thus, for example, intervemng
untranslated vet transcribed sequences can be present between a promoter sequence and the
nucleic acid sequences and the promoter sequence is stilf considered "operably linked” 1o the
codimg sequence. Other such control sequences mclude, but are not limited to,
polvadenviation signals, termination signals, and nbosome binding sites. Such expression
vectors can be of any type known in the ant, including but not himited to plasmid and viral-
based expression vectors. The control sequence used to drive expression of the disclosed
nucleic acid sequences in a mammalian system may be constitutive {driven by any of a
variety of promoters, mnclading but not imited to, CMV, §V40, RSV, actin, EF} or inducible
{driven by any of a number of inducible promoters including, but not limited to, tetracycline,

ccdvsone, steroid-responsive).

In one aspect, the present disclosure provides cells comprising the polypeptide, the
nanoparticle, the composition, the nucleic acid, and/or the expression vector of any
embodiment or combination of embodiments of the disclosure, wherein the cells can be etther
prokaryotic or cukaryotic, such as mammalian celis. In one embodiment, the cells may be
transiently or stably transfected with the necleie acids or expression vectors of the disclosuore.
Such transfection of expression vectors into prokaryotic and eukaryotic cells can be
accomplished via any technique known m the art. A method of producing a polypeptide
according to the mvention 1s an additional part of the mvention. The method comprises the
steps of {a} colturing a host according to this aspect of the invention under conditions
conducive 1o the expression of the polypeptide, and (b} optionally, recovering the expressed
polvpeptide.

In a further aspect, the disclosure provides nanoparticle comprising a plurality of the
poivpeptides and/or the fusion proteins of any embodiment or combination of cmbodiments
of the polvpeptides of the invention. As 1s disclosed herern, the polypeptides and fusion

proteins of the disclosure are capable of self-assemblimg o trimers. The nanoparticles can
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be used for any purpose, including antigen display and as a vacoine. In some embodiments,
all of the polypeptides or fusion proteins are fused to a polypeptide antigen, wherein the
polypeptide antigen may be identical in all of the polypeptides or fusion proteins, or wherein
the nanoparticle may present more than one polypeptide antigen. Tn other embodiments, only
a portion of the polvpeptides or fusion proteins are fused to a polypeptide antigen, wheremn
the polvpeptide antigen present may be identical in all cases, or wherein the nanoparticle may
present more than one polypeptide antigen.

In a further aspect, the disclosure provides pharmaceutical compositions/vaccines
comprising

{a} the polypeptide, fusion protein, nancparticle, nucleic acid, expression vector,
and/or cell of any embodiment or combination of embodiments herein; and

{b) a pharmaceutically acceptable carrier.

The compositions/vaccines may further comprise {a) a fyoprotectant; (b) a surfactant;
{c) a bulking agent; (d) a tonicity adjusting agent; {¢) a stabilizer: () a preservative and/or {g)
a buffer. In some embodiments, the buffer in the pharmaceutical composition 1s a Tris butfer,
a histidine buffer, a phosphate buffer, a citrate baffer or an acetate buffer. The composition
may also include a lyoprotectant, ¢.g. sucrose, sorbiiol or trehalose. In cortain embodiments,
the composition inchides a preservative ¢.g. benzalkonium chlonde, benzethonium,
chlorohexidine, phenol, m-cresol, benzyl alcohol, methylparaben, propylparaben,
chlorobutanci, o-cresol, p-cresol, chlorocrgsol, phenyimercuric nitrate, thimerosal, benzoic
acid, and various vuxtures thercof In other embodiments, the compaosition inchudes a bulking
agent, like glyeine. In vet other embodiments, the composition includes a surfactant ¢.g.,
polysorbate-20, polvsorbate-40, polysorbate- 60, polysorbate-63, polysorbate-80 polysorbate-
85, poloxamer-188, sorbitan monolaurate, sorbitan monopalmitate, sorbitan monostearate,
sorbitan monooleate, sorbitan frdaurate, sorbitan tristcarate, sorbitan trioleaste, ora
combination thereof. The composition may also include a tonicity adjusting agent, g, a
compound that renders the formulation substantially isotonic or iscosmotic with buman
blood. Exemplary tonicity adjusting agents include sucrose, sorhitol, glycine, methionine,
mamitol, dextrose, mositol, sodium chlonde, arginine and arginine hydrochlonde. In other
embodiments, the composition additionally includes a stabilizer, ¢.g., a molecule which
substantially prevents or reduces chemical and/or physical instability of the nanostructure, 1n
Ivophilized or hiquid form. Exemplary stabilizers include sucrose, sorbitol, glycine, mnosiiol,

sodium chionde, methionine, arginine, and arginine hydrochlonde.
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The compositions/vaccines may further comprise one or more other agents suitable
for an intended ase, including but not hmited to adjuvants to shmmudate the immune system
generally and improve tmmune responses overall. Any suttable adjuvant can be used. The
term "adjuvant” refers to a compound or mixture that enhances the immune response to an

antigen. Exemplary adjuvants mclude, but are not limited to, Adju-Phos™

. Adjumer™,
albumin-heparin microparticles, Algal Glacan, Algamumulin, Alam. Antigen Formulation,
AS-2 adjuvant, autologous dendritic cells, autologous PBMC, Avridine™, B7-2, BAK, BAY
RI005, Bupivacaine, Buptvacaine-HCl, BWZL, Calcitriol, Calcium Phosphate Gel, CCR5
peptides, CFA, Cholera holotoxin (CT) and Cholera toxin B subumit (CTB), Cholera toxin
Al-subunit-Protein A D-fragment fusion protein, CpG, CRLI00S, Cyiokine-containing
Liposomes, D-Murapalmitine, DDA, DHEA, Diphthena toxoid, DL-PGL, DMPC, DMPG,
DOC/Alum Complex, Fowlpox, Freund's Complete Adjuvant, Gamma Inudin, Gerbu
Adjuvant, GM-CSF, GMDP, hGM-CSF, hIL-12 (N222L), hT™NF-alpha, IFA, IFN-camma in
pelINAZ TL-12 DNA, 1L-12 plasmid, TL-12/GMCSF plasmud (Svkes), H.~Z mipcDNAZ, T~
2/g plasmid, 1L-2/Ig protein, 1L-4, 1L-4 in pcDNA3, Tmiquimod ™, ImmTher™,
Immuncliposomes Contamning Antibodies to Costimulatory Moleeules, Interferon-gamma,
Interleukin-1 beta, Interleukin-12, Intertenkin-2, Interieukin-7. ISCOM(sY™, Iscoprep
7.03™ Kevhole Limpet Hernocyanin, Lipid-based Adjuvant, Liposomes, Loxoribine,
LT(R192G), LT-0A or LT Oral Adjuvant, LT-R192G, ETK63, LTK72, MF59,
MONTANIDE ISA 31, MONTANIDE I5A 720, MPL TM, MPL-SE, MTP-PE, MTP-PE
Liposomes, Murametide, Murapalmitine, NAGO, nUT native Cholera Toxin, Non-fonic
Surfactant Yesicles, non-toxic mutant E112K of Cholera Toxin mCT-E1 12K, p-
Hydroxvbenzoique acid methyl ester, pCIL-10, pCIL1Z, pCMVmCATI, pCMVN, Peptomer-
NP, Pleuran, PLG, PLGA, PGA, and PLA, Pluronic L121, PMMA, PODDS™, Poly rA: Poly
U, Polvsorbate 80, Protein Cochleates, Q5-21, Quadn A saponin, Qui-A, Rehydragel HPA,
Rehydragel LV, RIBI, Ribilike adjuvant system (MPL, TMD, CWS3, 5-28463, SAF-1,
Sclavo peptide, Sendai Proteoliposomes, Sendai-containing Lipid Matrices, Span 85, Specol,
Squalane 1. Squalene 2, Steary! Tvrosine, Tetanus toxoid {TT). Theramide™, Threonyl
muramyl dipeptide (TMDP), Ty Particles, and Walter Reed Liposomes. Selection of an
adjuvant depends on the subject to be treated. Preferably, a pharmaceutically acceptable
adjovant is used.

in some crabodiments, the pharmaceoutical composition or vaccinge comprises a

nucleic acid encoding a polvpeptide or fusion proteim of any embodiment herein. In some
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such embodiments, the pharmaceutically acceptable carmier comprises a cationic lipid such as
a liposome, or a cationic protein such as protamine.

in a further aspect, the disclosure provides methods to treat or imit development of a
mfection, comprising administering to a subject in need thereof an amount effective o treat
or limit development of the infection of the fusion protein, nanoparticle comprising the fusion
protein, nucleic acid encoding a fusion protein, an exprossion vector comprising the nucleic
acid, a cell comprising the fusion protein, nucleic acid, or expression vector; and/or a
phammaceutical composition or vaccme comprising the fusion protein, nucleic acid,
expression vector, of any embodiment herein (referred to as the “immmogenic
composition”}. The subject may be any suitable mammalian subject, including but not
bimited to a human subject.

The mfection may be any infection that the fusion protem mehides an antigen that an
unmune response against could be used to treat or liumit development of the mfection. fn one
embodiment, the infection is a SARS CoV-2 micction.

When the method comprises hmiting a SARS-CoV-2 mfection, the immunogenic
composition 1s administered prophyvlactically to a subject that s not known to be infected, but
may be at nisk of exposure to SARS-CoV-2. As used herein, "limiting development”
mchudes, but 15 not limited to accomplishing one or more of the following: (a) geverating an
mmmang response {anttbody and/or cell-based) to of SARS-CoV-2 in the subject; (b}
generating neuiralizing antibodies against SARS-CoV-2 in the subject (b) lmiting build-up
of SARS-CoV-2 titer tn the subject after exposure to SARS-CoV-2; and/or {c} limiting or
preventing development of SARS-CoV-2 symptoms after infection.  Exerplary symptoms
of SARS-CoV-2 infection nclude, but are not limited to, fover, fatigue, cough, shortness of
breath, chest pressure and/or pain, loss or dimiution of the sense of smell, loss or diminution
of the sense of taste, and respiratory tssues including but not limited to pneumonia,
bronchitis, severe acute respiratory syndrome {(SARS), and upper and lower respiratory tract
mfections.

In one embodiment, the methods generate an tromune response in a subject inthe
subject not known to be infected with SARS-CoV-2, wherein the immune response serves to
bt development of wfection and symptoms of a SARS-CoV-2 mfection. Inong
crabodiment. the tmmune response comprises generation of neutralizing antibodics against
SARS-CoV-2. In a further embodiment, the immune response comprises gengration of

anfibodies agamnst multiple antigenic epitopes.
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Ag used herem, an “effective amount” refers to an amount of the immunogenic
composition that 1s effective for treating and/or limiting SARS-CoV-2 mfection. The
polypeptide, nanoparticle, coraposition, nucleic acid, phammaceutical composition, or vaccine
of any embodiment herein are typically formulated as a pharmaceutical composition, such as
those disclosed above, and can be administered via any suitable route, including orally,
parentally, by inhalation spray, rectally, or topically in dosage unit formulations containing
conventional phamaceutically acceptable carders, adjuvants, and vehicles. The teom
parenteral as used herein imchudes, subcutaneous, intravenous, intra-artenial, intramuscular,
mirasternal, intratendinous, intraspinal, mtracranial, intrathoracic, infusion techmiques or
imtraperitoneally. Polypeptide compositions may also be administered via microspheres,
liposomes, mmune-stivutating complexes (ISCOMzs), or other microparticulate delivery
systems or sustained release formulations mtroduced into suitable tissues {sach as blood).
Dosage regimens can be adjusted o provide the optimmum desired response {(¢.g., a therapeutic
or prophvlactic response}. A suitable dosage range may, for nstance, be 0.1 pg/kg-100 mg/ke
body weight of the polypeptide or nanoparticle thereof. The composition can be delivered n
a single bolus, or may be admunistered more than once €e.2., 2, 3, 4, 5, or more times) as
determined by attending medical personnel.

{n one embodiment, the administering comprises admiuistening a first dose and a
second dose of the immunogenic composition, wherein the second dose is administered about
2 weeks to about 12 weeks, or about 4 weeks to about 12 weceks after the first does is
adnunistered. In various further embodiments, the sccond dose 1s admunistered about 2, 3, 4,
5,6,7,8, 8, 10, 11, or 12 weeks after the first dose. Tn another embodiment, three doses may
be administered, with a second dose administered about 1,2,3,4,5,6,7,8,9, 10, 11, or 12
weeks after the first dose, and the third dose administered about 1,2, 3,4, 3,6, 7, & 9,10, 11,
or 12 weeks after the second dose.

In another embodiment of the methods, the subject is miccted with a severe acute
respiratory {SARS)Y vinus, including but not Emited to SARS-CoV-2, wheroin the
adounistering cliciis an immune response against the SARS virus in the subject that treats a
SARS virus mfection in the subject. When the method compnges treating a SARS-CoV-2
mfection, the immaonogenic compositions are adiministered to a subject that has already been
mfected with SARS-CoV-2, and/or who 1s suffering from symptoms {as described above)

mdicating that the subject 15 likely to have been ofected with SARS-CoV-2.
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As used herein, "treat” or "treating” includes, but 1s not himited o accomphishing one
or more of the following: (a) reducing SARS-CoV-2 titer in the subject; (b) hmiting any
mcrease of SARS-CoV-2 titer in the subject; {¢) reducing the severity of SARS-CoV-2
symptoms; {d) hmiting or preventing development of SARS-UCoV-2 symptoms after
mfection; (g) inhibiting worsening of SARS-CoV-2 symptoms; (£} Isniting or preventing
recurrence of SARS-CoV-2 symptoms 1n subjects that were previously symptomatic for
SARS~-CoV-2 infection; and/or (&) survival.

In another aspect, the disclosure provides methods for generating an immune response
i a sabject, compnising administering to the subject an amount effective to gencrate an
nmune response of the fusion protein of any embodiment or combination of embodiments
herein, a nucleic acid encoding the fusion protein, an expression vector comprising the
nucleic acid, a cell comprising the fusion protein, nucleic acid, or expression vector, and/or a
phammaceutical composition comprising the fusion protein, mucleic acid, expression vector, or
cell.

Example 1.
Introduction

Secreted proteins make up vearly 20% of the human proteome, and are the primary
method of tercellular communication in anmimals (Uhlén et al. 2019; Farhan and Rabowlie
2811}, Due to ther potent and wide-ranging functions, many secreted proteins, such as
antibodies, hormongs, cytokines, and growth factors, are of great interest for therapeutic
applications. Furthermore, secreted or membranc-anchored proteins from pathogens are often
targets for prophvlactic or therapeutic interventions in infectious disease. Secretion from
cukaryotic cells 1s rgguired for the recombinant production of many protein biclogics, as they
often feature secretory pathway-specific post-translational modifications such as furin-
mediated proteolvtic cleavage (Braun and Sauter 20193, glveosylation (Ohtsubo and Marth

2006},

B

and disulfide bond formation (Wittrup 1995). Understanding and controlling the
secretion of a protein of interest 5 thus mandatory for the development of seergted protein
cchuologies.

We developed a general computational protocol, named the Degreaser that
specifically designs away cryptic transmembrane domains without sacrificing overall
struchiral stability. We demonstrate the ability of the Degreaser to avoid the mtroduction of
cryptic transroembrane domains during the design of a new set of robustly sccreting designed

protein nanoparticles.
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Results
B¢ novo design of secretion-optimized one-component protein assemblies

Given the success of the Degreaser in retroactively improving the secretion of several
nanoparticle components and a computationally designed nanoparticle, we next tested s
prospective use and compatibility with large-scale design protocols by incorporating it into
the design of a set of new one~-component nancparticles intended to secrete robustly from
mammalian cells. We used as building blocks a set of 1,094 models of timenic proteins
consisting of de nove helical bundles fused to designed hebical repeat proteins as previously
described (Hsia et al. 2021). These building blocks were docked as nigid bodies mmto three
target architectures containing three-fold symmetry axes: 1cosahedral (13}, octahedral (O3),
and tetrahedral {T3) (Figure 1a). After docking, residucs at interfaces with adjacent butlding
blocks were designed using Rosetta™ to cnable spontancous self-assembly to the target
architecture. Three fully automated design protocols were compared: OG, ND, and DG
{Figure la}. The OG protocol used a conventional, dGinsprea-agnostic protocol and theretore
generaied designs that had dGins pred values both above and below +2.7 keal/mol. The NB
protocol simply applied a post-design filter to the 00 design set that rejected any designs
with dGinspred less than +2.7 kcal/mol. Finally, the DG protocol incorporated the Degreaser
after the interface design step without changing any other protocol steps or design
parameters, further filtering out any designs with dGiss pred 158 than +2.7 keal/mol. Taking
mito account our previous finding that decreasing the hydrophobicity of the lowest GGins pred
segment in a given protein maximized improvement of protein sceretion, only varants
following this rale were considered. In this benchmark design set, we still used the
conservative approach of allowing the Degreaser to change at maximum one residue per
design. it is important to note that not all DG designs harbor a Degreaser mutation, as designs
that do not have segments of low dGinspred pass the Degreaser step and are accepted without
modification.

Importantly, the incorporation of Degreaser-guided design tifo an otherwise
conventional design protocol did not substantially perturb the structural metrics typically
used to gauge the quality of designed nanoparticle interfaces. Within the DG design set, 420
of the 1,048 designs {(40%;} were actually mutated by the Degreaser, while mutations meeting
the Degreaser critenia were not identified for 18 designs and these were rejected. After

filtering, DG designs that were not mutated by the Degreaser had an average dGinspred of
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+3.97 keal/mol, while those bearing mutations had an average dGispred 0f +3 38 keal/mol.
Because sequences with originally high dGisspred are not motated, the lower average dGinspred
of sequences with mutations 18 due to the low original dGuspred of those sequences. A slight
shift i the distribution of dd{ (the predicted energy of nterface formation} was observed,
which was expected due to Degreaser-introduced polar residues in what remained
predommantly hydrophobic interfaces, accompanied by a small shift in the distribution of the
mterface shape complementarity {sc). On the other hand, the buried solvent-accessible
surface area {sasa) showed a nearly identical distribution to that of conventional {OG) and
dGins pred filtered (NDY) designs. After filtenng on several structural metrics and visual
mspection of the top-scoring designs by ddG. we selected 99 KWOCAs (Khmelinskaia-Wang
one-component assemblics) for experimental characterization. These included 57 OG, 19
NB, and 23 DG designs, which differed in dGins preg but not other structural metrics {data not
shown}. 8 of the selected DG designs included mutations introduced by the Degreaser.

We first expressed the KWOCASs 1o the cytoplasm of £, ¢ofi to determine which ones
successtully assembled to the miended structures regardlcss of secretion from mammalian
cells. AR KWOCASs but one yielded sufficient protein for purification and charactenization in
the soluble fraction of clarified £. colf lysates (Figure ic). During SEC purification, 22 of 99
KWOCAs vielded a peak with an clution volume corresponding to a protein complex larger
than that expected for a trimer, but smaller than unbounded aggregates. Most of these also
showed peaks at ehution volumes corresponding to unassembled trimeric protein. DLS of
fractions from the carly peaks indicated that the majority of these 22 designs formed
monodisperse assemblies, and nsEM confirmed that 13 assembled to homogeneous
nanoparticle structures (Figure I and Figure 3). Crystallization of ssveral KWOCAs resulted
in high-resclution stractures of tnmeric scaffolds of one non-assembling (KWOCA 39}, three
non-~confirmed assemblies (KWOCA 60, 65 and 73) and one confirmed assembling KWOCA
(KWOCA 102} (Figure 4). The obtamed crystal structures matched closely the monomeric
subunit of the design models (1.0 t0 2.2 A Ca rmsd). with larger deviations observed on the
trimer level {2.2 to 4.0 A Ca rmsd}. These differences suggest that various design regions and
structural features, such as the helical bundle interface, the flexability in the designed helical
repeat domains and their fusion to the trimene helical bundles, are the source of subtle
struchiral errors that propagate across the assembly. Surprisingly, the degree of error dogs not

seem to correlate with the assembly success.
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We next evaluated secrefion of the KWOCAs from transfected Expi293F celis by
measurning the levels of myc-tagged protein in clarified harvest fhud by western blot {see
Methods}). A majority of the KWOCAs (68%) seercted with greater vield than 13-01, our
benchmark modestlv seercted protemn nanoparticle (Figure 1¢). The higher success m
secretion within the DG KWOCA set (87% compared to 67% and 48% in the 0G and ND
sets, respectively) confirm the atility of the Degreaser in predicting and improving protein
secretion. For further analvsis, we separated the experunentally characterized KWOCAs into
two categories: non-assembling proteins (Figure 4) and confirmed assemblics (Figure 3}, The
non-assembling proicins show only a weak trend of higher secretion vield with higher
dGins pred, though this s confounded by the varving overall expression levels of these proteins,
Although we did ot observe consistent differences m secretion vield among the OG, NB,
and DG sets of non-assembling protemns, mline application of the Degreaser (B(G) tended to
provide a greater benefit to secreted vield than filtering on dGinspred after conventional design
(ND). Of the 13 EM-validated assembling designs (Figure 3), 8 scerete at higher levels than
the original 13-01 design, and the highest secreted vield (KWOCA 101} was within two-fold
of the highest-secreting redesigned vanant of [3-01 (13-0INS). Characterization of these 8
KWOCAs by SEC, DLS and nsEM revealed that cach was indistinguishable from s
bacterially produced counterpan (Figure 3}, All but one of the verified assemblics (KRWOCA
47, from the OG design set) have no segments of low dGinspred (< 2.7 keal/mol}, suggesting
that avoiding crvptic fransmembrane domains is more important for the productive secretion
of self-asserabling comapared to non-assembling proteins. Intriguingly, nline application of
the Degreaser led to the highest yield of seercted nanoparticles (KWOCAg 100, 101, and
1023, although the proportion of confinmed asscmblics was not significantly different
between conventionally designed proicing {including those filtered on dGingpred) and
Degreaser-designed candidates (12/76 (16%) vs. 3/23 (13%), respectively; Fig. Ic). These
data indicate that the Degreaser can be applied to improve secreted yvield from manunalian
cells while maintaining a similar success rate in design outcome.

Comparison of several pairs of closely related designs vielded additional insights into
secretion determinants. For example, KWOCA 51 and 101, which form closely relate
tetrahedral asscmblies, used the same input scaffold for design and differ by only two
residues. However, KWOCA 101 has a higher lowest dGins pred and secreted with a roughly
four-fold greater vield than KWOCA 51, substantiating the idea that small changes in

designed protein sequences can lead to considerable changes 1n seereted vield. Also related
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are the Degreased KWOCA 100 and the conventionally-designed KWQGCA 46, both
confirmed assemblies (Figure 3}, i which a one-residue difference led to a +1.13 keal/mol
change in dGinsgeed and a five-fold merease 1o seerction. In both of these cases, the
conventional design pipeline would have resulted 1n assemblics that secrete poorly, requiring
retrospective application of the Degreaser. Two other pairs of designs suggested that
assembly state may affect secreted yield. The non-assembling KWOCA 88 differs from the
octabedral KWOCA 4 by ooly two residues, but KWOCA 88 secrctes with a roughly four-
fold higher vicld. Finally, even though KWOCA 73 differs from KWOCA 41 by only two
residues, the former showed higher-order material by SEC and BLS whereas the latter did not
{Figure 4), and KWOCA 73 secretes at about half the yield of KWOCA 41 even though its
lowest dGinsprea value 1s much higher. Together our data suggest that, although there appears
to be a general secretion penalty for self~assembling proteins, in-line use of the Degreaser
during design can improve secreted nanoparticle vield.

We obtained single-particle crvoEM reconstructions of two bighly secreted
assemblics, KWOCA 51 and KWOCA 4, to evaluate our design protocol at high resohution.
DLS and SEC indicated that both designs assemble into monodisperse nanoparticles, with
KWOCA 51 forming a smaller particle than KWOCA 4 (~19 and 26 nm bydrodynamic
diameter, respectivelv) as expected by design (~17 and 32 nm, respectively) (Figure 2b,c).
Comparing calculated to experimenial SAXK profiles further revealed that KWOCA 31
homogeneously assembles inio the intended tetrahedral geometry, while KWQOCA 4
signiticantly deviates from the design model (Figure 2d). Indeed a single-particle cryo-EM
reconstruction of KWOCA 51 at 5.1 A resolution closely matched the design model, and
relaxing the model into the density led to only minor deviations within each sobunit {13 A
Ca rmsd) that mainly reflect slight structural flexibility of the helical repeat domain (Figure 2
a.d}. In contrast, a cryo-EM map of KWOCA 4 at 6.6 A resolution revealed that the protein
does not form the computationally designed icosahedral assembly, mstead identifying an
ootabedral nanoparticle as the only species present in the assembly fraction from SEC.
Accordingly, a SAXS protile caleulated from a crvo-EM model obtained by fitting and
relaxing tnmeric building blocks mio the density closely matched the experimental data.
Interestingly, only minor structural deviations within the trimeric building blocks were
observed when comparing the computational design model to the relaxed crve-EM muodel
{1.3 A Ca rmsd), indicating that the off-target assembly must be due to differences in the

computationally designed mterface between the trimers. Indeed, the angle between two
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contignous subunits in the cryo-EM model is rotated by 27°, resulting in a deviation of 18 A
of the contiguous subanit compared to the design model. This rotation s further accompanied
bv a 3 A transverse translation of the center of mass of the designed interface past the €2
symmetry axis, suggesting that the edge residues of the originally designed nterface were
loosely packed and only weakly contributing to the interface engrgy. To our knowledge, this
1s the first report of a high-resoiution stracture of a de nove computationally designed protein
nanoparticle that forms a well-defined architecture distinet from the one ntended.
MNevertheless, the two structures together establish that KWOCAs 4 and 531, which secrete
from mammabian culture at higher levels than lumazine synthase and 13-01, are lighly

ordered monodisperse de novo designed nanoparticles.

Discassion

Computational protein design methodologies are advancing rapidly, enabling the
exploration of previously unexplored spaces in protein structure and function {(Huang,
Boyken, and Baker 2016; Back and Baker 2022). In addition to increasing our fundamental
pnderstanding of proteins, these advances have brought commercial apphication of
computationally designed proteins within reach. For example, computationally designed
cvtokine mimetics {Silva ot al. 2019}, enzymes for gluten degradation (Gordon et al. 2012},
and nanoparticle vaccines {Marcandalli et al. 2019; Bovoglu-Barmim et al. 2021, Walls et al.
2020} have recently advanced to clinical trials. As designed proteins become increasingly
useful, methods for optimizing various phenotypes other than structure and stability become
more important. The Degreaser was explicitly constructed to be modular—as showcased by
our redesign of existing proteins as well as our application of the Degreaser in-line during the
design of new sccrgtable protein assemblies—while preserving structural stability and
megrity. These foatures enable its application to any protein. Furthermore, application of the
Degreaser in-line during design 1s mmimally invasive: it only mutates protens that require
chimination of cryptic transmembrane domains, and it identifics the minimal sufficient
perturbation. As we showed duning KWOCA design, this approach allows in-line
mmplementation of the Degreaser that should eliminate the requirement for retroactive re-
design of poorly secreting proteins.

More broadly, any method for improving the vield of recombinant biclogics is
valuable. For example, the decades of effort invested in optimizing and industrializing the

production of monocional antibodies now underpins the bislogics industry (Kelley 2009},
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Methods like the Degreaser that encode mnproved vield or performance in the sequence of the
molecale iself are especially desirable, as they make the mmprovements "automatic”: they do
not reguire other actions like the use of speciabized cell culture media or co-transtection of
chaperones. The Degreaser and the now highly secretable KWOC As we describe here can be
used in mRNA-launched nanoparticle vaceines with atomic-level accuracy. This approach
enables structural and functional optimization of the nanoparticle scaffolds i ways that are

not possible when relying on naturally ocenrring scaffolds,

Methods

in the examples of Degreaser-guided protein nanoparticle (rejdesign here discussed,
we allowed only one nwitation per input structure. Although only mterfacial residues were
allowed to design within the conventional design protocol, the Degreaser is allowed to
change any of the residues it identifies to be within hydrophobic segments. However, the
Degreaser can be specified to only operate on a subset of residues within a given model,
much as any other Mover can be. By allowing only one mutation, our goal was to minimally
distrab the interfaces resolting from conventional design, which contain between 7 and 24
residues that participate i the hydrophobic interface and may not be able to casily
accoromadate several mutations. However, the Degreaser ts amenable to allowing an
arbitrary mumber of mutations per hydrophobic segment. Furthermore, not every hydrophobic
segment identified is in the vicinity of the designed interface. Both consuderations warrant
further investigation.
Computational design of protein nanoparticles

Trmeric scaffolds were generated by helical fusion of previously designed trimeric
helical bundles (Bovken et al. 2019} and de novo helical repeat domains {(Brunette of al.
2015}, folowing the protocol described in (Hsia et al. 2021}, Symmetrical docking of the top
scoring 1094 trimmers was performed using the mpdock protocol. Brefly, the 3-fold
symmetry axis of the tnmeric scaffolds was aligned with that of one of the target symumetries:
1, O, or T. These aligned trimers may rotate around and translate along their respective
symmetry axis while maintaining the symmetry of the complex (King et al. 2012, 2014).
These two degrees of ficedom, radial displacement and axial rotation, were sampled m
increments of | A and 1°, respectively. For each docked configuration in which no clashes
between the backbone and beta carbon atoms of adjacent building blocks were present, an

RPX designability score was caleulated (Fallas et al. 2017). High-scoring docked
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contigurations with mtermediately sized mierfaces (ncontacts < 75} were selected for full-

atom interface design using Rosetta™ scripts as previously deseribed (King et al. 2014; Hsia

definition file containing information for a specified cubic pomt group symmetry (DiMaro ot
al. 2011}. The oligomers were then aligned to the corresponding axes of the symmetry using
the Rosetta™ SymBofMover, taking into account the rigid body transiations and rotations
retricved from the .pickle file output from the docking protocol (King et al. 2014; Hsia et al.
2016}. The conventional symmetric interface design protocol was modified for Degreaser in-
hne design, by adding the Degreaser Mover step after the final step of conventional design,
before any filters were applied to a particular docked model. Individual design trajectories

were filtered by the following criteria: difference between Rosetta™

energy of bound and
unbound states less than —20.0 REU interface surface area greater than $00 A%, sc greater
than 0.6, and at least three helices at the mierface. Designs arising from the conventional
design protocol were further fltered with dGinspred > 2.7, making up the NP pool. Designs
that passed these criteria were manually inspected and a set of 99 designs selected for
experimental characterization: 57 0G, 19 NB, and 23 DG,

Cell culture, protein expression and purification

All bacterial protein expression was performed with Lemo2 I{DE3) competent £, cofi
(NEB}, all bacterial plasmid propagation with NEB S-alpha competent £, coli (NEB), and all
mammalian protein expression with Expi293F cells {ThermoFisher Scientific). All bacterial
expression was performed from a pET290(+) vector with genes between the Ndel and Xhol
restriction sites. All manumalian expression was performed from a pCMV/R vector (Barouch
et al. 2003} with genes between the Xbal and Avrll restriction sites, and all constructs used
the same IgGx secretion signal. 6xHis tags for purification, myc tags for detection, as well as
(38 linkers and a photoactive Trp were placed at N~ or C-termunt of constructs as determined
by available 313 space after manual inspection of design models {complete hists of gene and
protein sequences can be found in Tables 1-2).

For purtfication of plasmid DNA for transfection, bactenia were cubtured and plasmuds
were harvested according to the QIAGEN Plasmid Plus™ Maxi Kit protocol (QIAGEN).
For bacierial expression and purification of previcusly-described nanoparticle component
proteins, sec previously-described methods (Bale et al. 2016; Hsia et al. 2016; Ueda et al.
2020b). For bacterial expression and purification of KWOCAs, proteins were expressed by

artoinduction using TBH media (Mpbio) supplomented with 3053052, 20 mM MgS04 and

w
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irace metal mix, under antibiotics selection at 18 degrees for 24 b afler inthal growth for 6-
8hat 37 % Cells were harvested by centrifugation at 4000x g and tysed by sonication o
microflnidization aficr resuspension m lysis buffer (50 mM Tos pH 8.0, 250 mM NaCl,

20 mM mmadazole, 3% glveerol), followed by addition of Bovine pancreas DNase! {Sigma-
Aldrich} and protease inhibitors (Themmo Scientific). Cells were lysed by sonication or by
microfluidization. Clarified lysate supernatants were batch bound with equulibrated Ni-NTA
resin {QTAGEN). Washes were performed with 5-10 colunn volumes of lysis buffer, then
cluted with 3 column volumes of the same buffer containmg 500 mM imidazole.
Concentrated or unconcentrated eluted fractions were further purified using a Superose™ 6
Increase 10/300 GL (Cyiiva) on an AKTA Pure™ (Cytiva) into 25 mM Tris pH 8.0, 150 mM
NaCl, 5% glveerol. Instrument control and clution profiles analysis were performed with
Cytiva software (Cyiiva).

For mammalian expression and purification of KWOCASs and other secreted proteins,
Expi?93F cells were passaged according to manufacturer protocols {ThermoFisher
Scientific). Cells at 3 0x10° celis/mL were transfected with 1 ug/mL cell culture of purified
plasmid DNA with 3 ug/ug PEEMAX in 70 pl/mL of colture. For seeretion yield
measurements, cells were harvested at 72 b post-transfection by centrifugation for 5 minutes
at 1,500 g. For protein punification, cells were harvested at 120 h post-transfection by
centrifugation of cells and subsequent stertle filtering of supernatant. Filtered superatant was
adjusted to 50mM Tris pH 8.0 and 500 mM NaCl, then bound to Ni Sepharose ™ Excel
{Cytiva) with agitation overnight. Pelleted resin was washed with 30 mM Tris pH 8.0,

500 mM NaCl, 30 mM mmidazole, then cluted with the same buffer containing 300 mM
midarole. Concentrated elution fractions were purified by size-exclusion chromatography as
described above.

Protein content and purity at each step of expression and purification were analyzed
by SDS-PAGE using Criterion precast gels and electrophoresis svstems (BIO-RAD). Purified
profein conceniration measurements were measured using UY absorbance at 280 nm, and
calculated using theoretical molar extinction cocfficients (HxPasy). Proteins were
concentrated with 30,000 MWCQ concentrators (Millipore}. Punfied, concentrated, and
buffer-exchanged proteins were snap-frozen in liquid nitrogen and stored at -80 °C only if

aggregates were absent as detected by DLS.
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Secretion vield quantification

Cells were harvested at 72 h post-transfection because maximal signal was present in
cell supernatant while cell viability was still high (data not shown). Cells were centrifuged to
separate mediom from cclls, and pelleted cells were resuspended in the same volume of
removed medium in phosphate-buffered saline (PBS). All samples were then treated for
Himin at 37 °C with 0.05% Triton-X"™ 100 {Sigma) containing a 1:400 dilution of
Beuzonase endonuciease (EMD Millipore} to permeate membranes and prevent nucleic acid
aggregation, which makes quantitative gel loading difficult. Internal myc-tag protein standard
was also added at this point at 6.06 mg/mL. Treated samples were then diluted into 4X SDS
loading buffer (206 mM Tris pH 6.8, 40% glycerol, 8% SDS, bromophenol blue, 4 mM DTT)
and incubated at 95 °C for S min. 14.3 ul. of boiled samples were loaded onto Criterion 4-
20% precast polvacrylamide gels (BIO-RAD). Precision Phus™ WesternC standards were
inciuded in each gel (BIO-RAD). Gels were run using BIO-RAD Criterion ™ gel boxes and
power supplies. then transferred using the Trans-Blot Turbo™ system onto 0.2 um
nitroceltulose membranes according to manufacturer instructions (BIO-RAD). Transforred
blots were blocked in 3% milk in wash buffer (10 mM Tris pH 8.0, 150 mM NaCl, 0.1%
Tween-20) for 30 min, then incubated with a 1:20,000 dihution of mouse anti-mye tag
antthbody (9B 11, Cell Signaling Technology) with agitation, either 75 mun at room
temperature or 16 h at 4 °C. Blots were then washed three times with wash buffer, then
mcubated 75 min at room temperature with a 1;10,0600 dilution of goat anti-mouse HRP
conjugated anttbody (Cell Signaling Techuology}. After three washes with wash buffer, blots
were developed with Clanty ECL substrates according to manufacturer directions on a Gel
Doc™ XR+ Imager with Image Lab software (BIO-RAD).

Gel images weore analyzed using Imaged/FUI software for quantification. Calibration
curves of known mye-tagged protein were used to establish a lincar range {data not shown),
and four points for each blot were included to allow absolute concentration determination.
Three transfection replicates were included for cach construct. For some constructs, the
measured collular level of protein was higher than the linear range of the calibration curve.
However, for nearly all measurements, the secretion vield measurement was within hinear
fange.

Protein biochemical characterization
Dynamic hight scattering measurements (BLS) were performed using the default

Sizing and Polydispersity method on the UNcle™ (Unchained Labs). 8.8 pL of SEC-purified



10

15

26

25

30

WO 2023/196871 PCT/US2023/065397

clution fractions were pipetted into the provided glass cuveties. DLS measurements were run
with ten replicates at 25 °C with an incubation time of 1 5; results were averaged across runs
and plotied using Python. Other DLS measurements were also obtained using a DynaPro

NanoStar™ (Wyatt) DLS setup with ten acquisitions per measurernent, and three
measurements per protein sample.

Sarmaples were difoted to 0.1-0.02 mg/mL and 3 pi. was negatively stained using
Gilder Gnids overlaid with a thin layer of carbon and 2% uranyl formate as previously
described (Veesler et al. 2014}, Data were collected on an Talos L120C 120 kV clectron
microscope equipped with a CETA camera.

To wleatify the molecular mass of cach protein, miact mass spectra was obtained via
roversg-phase LOMS onan Agilent 62308 TOF on an AdvanceBio RF-Desalting column,
and subsequently deconvoluted by way of Bioconfinm using a total entropy algorithm, For
L, buffors are water with 1% formic acid and acetonrie with O.1%: fornuc acid; the
protems are elvted from a gradient of 18% 0 100% 1 2 mum.

Exeept for KWOUA 39 (Figore 4), for which the purification profile according o the
described above 18 shown, SEC profifes tor the described KWQCAS (Figure 2} were obtamed
by bigh prossure Hguid chromatography on an Agdent Bio SEC-5 colume {(Agilent) at a flow
rate of .35 wml/min by injection of 10 ull of punified oluate van in Tris~buffor saline (30 oM

Tris pH 8, 130 mM NaCl, 3% v/v Glyeerol).

High-resolution structural determination
Protein concentration was deterouned by A280 and using calenlated molar extinction

coefficients. Buffoers, unless otherwise specified, are S0 mM Tris pH 8.0, 1530 mM Na(l, and

W

Y% glyeerol.

Samples were prepared for small-angle X-ray scattering (SAXS) analvsis afier
expression, purtfication, and size-exclusion chromatography as described above. Selected
SEC fractions were concentrated to 1-5 mg/mb mto buffer containing 2% glycerol. The flow-
through was used as a blank for buffer subtraction durnng SAXS analvsis. Samples were then
centrifuged (13,000 g} and passed through a .22 pm syringe filter (Millipore). These
proteins and buffer blanks were shipped to the SIBYLS™ High Throughput SAXS ALS
Advanced Light Source in Berkeley, California to oliain scattering data (Potnam ¢t al. 2007,

Hura ct al. 2009; Classen et al. 2013; Dyer ctal. 2014). Scatiening traces were analysed and
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fit to theoretical models using the FOXS™ 15 server (Schneidman-Dubovny et al. 2013,
2016}

All erystallization trials were carried out at 20 °C in 96-well format using the sitting-
drop method. Crystal trays were set up using Mosquito LCP™ by SPT Labtech and
monitored by JANSI UVEX imaging system. Drop volames ranged from 200 to 400 nL and
contained protein to crystallization sclution in ratios of 1:1, 2:1, and 1:2. Diffraction quality
crvstals appeared o 0.2 M NHCHCO: 6.1 M NasCeHsOr pH 5.6 30% (v/v) MPD for
KWOCA 39 Dnffraction quality crystals appeared m 0.1 M Tris pH 7.0 20% (w/v) PEG-
2000 MME for KWOCA 73. Diffraction guality crystals appeared in 6.2 M MgCls, 0.1 M
Tris pH 7.0, 10% {w/v} PEG-3000 for KWOCA 60, Diffraction quality crystals appeared
0.2 M MgCl, 6.1 M Imidazole pH 8.0, 35% (v/v) MPD for KWOCA 63, Dhffraction quality
crystals appeared i 0.1 M NaCH:CQOx pH 4.5, 35% (v/v) MPD for KWOCA 102, Crystals
were subsequently harvested in a cryo-foop and flash frozen directly in lguid nitrogen for
svinchrotron data collection.

Data collection from crystals KWOCA 39, 60 and 65 were performed with
synchrotron radiation at the Advanced Photon Source {APS) on 241D-C. Data collection from
crystals KWOCA 73, and 102 were performed with synchrotron radiation at the Advanced
Light Source (ALSyon 8.2.1/8.2.2,

X-ray intensitics and data reduction were evaluated and integrated using XDS
{Kabsch 2010} and merged/scaled using Pointless/Aimless in the CCP4 program suite (Winn
ct al. 201 1), Structure determination and refinement starting phases were obtained by
molecular replacement using Phaser (McCoy et al. 2007} using the designed model for the
struchures. Following molecalar replacement, the models were improved using
phenix autobuiid {Adams et al. 2010); efforts were made o reduce mode! bias by setting
rehuild-in-place to false, and using simulated annealing and pume-and-switch phasing.
Stracturcs were refined in Phemix (Adams et al. 2010}, Model building was performed using
COOT (Emsley and Cowtan 2004). The final model was evaluated using MolProbity

{Williams et al. 2018). Data collection and refinement statistics are recorded in Table 3.

Table 3. Crystallographic data collection and refinement statistics.

KWOCA 39 | KWOCA 60 | KWOCA 63 | KWOCA 73 | KWOCA 102

Data collection

an
43
e
[

Space group H3 H3 P63 P2y Pd;2,2

{ell dimensions

41
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a, 6, ¢ (A 115.66, 50.53, 90.53, | 70.97,70.97, 7200, 17081, | 89.40, 89.40,
113.66, 125.52 280,56 72.15 27303

72.08

o B, 7 (%)

8¢, 90, 120

90, 90, 120

80, 11783, 90

90, 94, 94

(3.97-3.61)

(4.09 - 3.25)

(347 -3.15)*

{3.11-3.04)

Resclution (A) 3851 -3.61 3.35 6127 -3.15 4270 -3.04 50.0 - 3.80
(396 -3.65% | {3.51-3.25y | (337315 | (311-3.04y | (3.87-38*

Ronerge 02120663 | Q119261 | 02662286 | G.I51(1.631) | 0.086(0.803)

flol 4.2 (1.8} (0.2 (3.3 6.0 (L) 4.8 (0.8) 22627

Completeness (56) 1500 {(160.0) | 100.0 (100.0) | 160,06 (180.9) | 99.2 (99.9) 166.0 (1030

Unigue reflections 4127 (983) 32176 63007 (12073) | 29424 (4770} 11536 (2668)

(11095)

Redundancy 54(5.6) 8.6 (8.6} 11320 37 (3.8 16.5(15.6)

T2 ($.978 (0.665) | G998 (0.975) | 0.995{0.648) | 0988 (0.293) | 0.998 (0.981)

Refinement

Resolution (A) 38.51 -3.61 4163325 6127-315 42.70 - 3.04 46.42-376

(3.85-3.76)

No. reflections

4126 (1031)

5938 (2981

3660 (1360)

29378 (207%)

10455 {(1275)

N i T
]‘-work ! ll‘?frss

0.23/0.27
{0.36/0.3%)

0.24/0 2%
(0.24/0.30)

6.27/0.30
(0.31/6.38)

8.26/0.30

{0.39/043)

0.25/0.30
(0.32/0.40)

No. atoms 2141 2386 {710 10153 50952
Protein 2141 2386 £710 10153 5852
B-factors (A% 183 29 96 109 78
Protein {83 29 96 109 78
Bond 0.001 0.002 0.002 0.602 0.008
lengths (A}
Boud angles (%) (.326 1.336 0.347 0.371 1.309

*Data collected trom a single crystal. ¥Values m parentheses are for the highest-reselution

shell.

For KWOCA 51, we applied 2 uk. of 3 mg/mi of protein n 25 mM Tnis, 150 oM
NaCl, pH 8.0, 100 mM glveine to glow-discharged C-flat CF-2/2 C-T-grids {TED PELLA).

KWOCA 51 data collection was performed on an FEI Titan Krios™ Electron Microscope

operating at 300 kY. The microscope was equipped with a Gatan Quantum GIF energy filter

and a K3 Summit direct clectron detector (La et al. 2013) operating 1o electron-counting

mode. Nominal exposure magnification was 105,000 with the resulting pixel size at the

specimen plane of 0.85 A, Automated data collection was performed using Leginon software

{Carragher et al. 2000; Suloway ot al. 2005).

For KWOCA 51, all data processing was carried out in CrvoSPARC. Alignment of

movie frames was carried oot using Patch Motion with an estimated B-factor of 300 A2,

Defocus and astigmatism values were estimated using Patch UTF. ~ 800,000 particles were
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picked in a reference-free manner using Blob Picker and extracted with a box size of 440 A
An initial round of 2D classification was performed in CryoSPARC™ using 100 classes and
a maximum alignment resolution of 6 A ~ 398 000 selected particles were re-centered and
re-extracted with a box size of 360 A. An ab inifio reconstruction was generated using a €1
symmetry operator on the dose-weighted and re-centered particles. A homogencous
refinement was next performed using this af initio model as a starting reference. Tetrahedral
svmmetry was applied during this refinement, leading to an mitial estimated map resolution
of 595 A. Local motion within single movies was corrected using an estimated B-factor of
500 A, and particles were re-extracted with a box size of 360 A. A second round of
homogeneous refincment was performed, resulting in an improved resolution estimate of
5.8 A Particles were next sphit into separate optics groups and re-refined to a final estimated
resohution of 5.6 A

To calculate the root-mean-square (rms) doviation of the experimentally obtaimed
crvstal structures or relaxed crvo-EM model {experimental models) to the design model, the
pair_fit function of PyMol was used on the common Ca carbons of the monomeric subumt of
the pair of models to be compared. Additionally, the rms of the whole trimer was caloulated
using the rms_cur function on the common Ca carbons.
Other methods

Images for figures sourced from BioRender. Figures created using Inkscape. Data
processing and plotting were performed with LibreGffice Cale and Python. Protein structure
rendering was performed 1o PyMol or ChimeraX {(Pettersen et al. 2021).
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Example 2
Characterization of antigen-bearing secrefion-optimized profein nanoparticles

Given the success of the Degreaser in designing robustly secreting protein
nanopatticles, we next used these nanoparticles {also referred to as KWOCAg) as scaffolds to
display multiple copies of wild-type (WT) and stabilized (Rpk9) monomers of the severc
acute respiratory syndrome coronavirus 2 (SARS-CoV-2} receptor binding domain (RBD).
Only KWOCAs that were verified by negative-stain electron microscopy (nstEM) and bad
preferred tormin onentation (1.¢., facing toward the outside of the nanoparticle) were
considered for antigen display; the only exception being KWOCA 96, which had not been
nsEM verified. For KWOCAs 4, 18, 46, 51, 96, 100, and 101, RBD monomers were
genctically fused to the outward facing N terini of the nanoparticle subunits. For KWOCAs
47 and 70, RBD monomers were genetically fused to the outward facing C termuni of the
nanoparticle subunits. Additionally, a previously designed, retroactively degreased
nanoparticle called 13-01-NS had RBD monomers gengtically fused to the outward facing N
termint of the nanoparticie subunits.

To retain glycosylation patierns and disalfide bonds in the RBD, we only expressed
the antigen-bearing nanoparticles via transicnt transfoction of Expi293F cells. We first
expressed at a small scale €1 md. cultures) to determine which constructs were antigemically
mtact. During biolaver interferometry (BLI), 8 of the 10 supernatants bound the RBD-
specific CV30 antibody tighter than puritfied monomeric RBD, mdicating that those antigen-
bearing nanoparticies were antigenically intact. The 2 supernatants that did not bind V30
were the constructs where RBD monomers were genetically fused to the € termint of the
nanoparticle. Of the 8 antigemcally mtact antigen-bearing nanoparticles, 5 were arbitrarily
chosen to be expressed at a large scale {200 mL cultures) for further biochemical and
biophysical characterization.

During size exclusion chromatography (SEC) punification, Rpk® RBD SARS-CoV-
I3-01-NS, Rpk9 RBD SARS-CoV-2 KWOCA-51, and Rpk® RBD SARS-CoV-
2 KWOCA-101 vielded single peaks with elution volumes {(~10, 14, and 14 mL.,

[\]

=]

respectively) corresponding to protein complexes (I3, T3, and T3, respectively) of the

expected molecular weights. Dynamic light scattering (DLS} of fractions from these peaks
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mdicated the formation of monodisperse assembhies with expecied hvdrodynamic diameters
{~48, 21, and 21 am, respectively). Further, nsEM confirmed the assembly of homogencus
antigen-bearnng nanoparticles (Figure SA-C). Additionally, to confirm that large scale
expression and purnification had not negatively impacted antigenicity, we used BLI to analyze
binding of the final purified antigen-bearing nanoparticles. Rpk9 RBD SARS-CoV-2 13-01-
NS, Rpk9 RBD SARS-CoV-2 KWOCA-51, and Rpk9 RBD SARS-CoV-2 KWOCA-101
bound CR3022 more tightly than purified monomeric RBD, mdicating that the antigen-
bearing nanoparticles remained antigenically intact.

During SEC purification, Rpk® RED SARS-CoV-2 KWOCA-18 vielded two peaks,
one minor and one major. The elution volume of the minor peak {~10 mL} corresponded o a
protein complex with higher roolecular weight than expecied, but shightly lower than that of
an unbounded aggregate. The elution volame of the major peak (~13 mL) corresponded to a
protein complex (D3) of the expected molecular weight. DLS of SEC fractions from each
peak wndicated the formation of aggregates in the minor peak and monodisperse assemblics
with expected hvdrodynamic diameters (~ 33 nm) 1n the major peak. Further, nsEM of
combined major peak fractions confirmed the assembly of homogenous antigen-bearing
nanoparticles (Figure 3D). Additionally, to confirm that large scale expression and
purification bad not negatively vapacted antigenticity, we used BLI to analvze binding of the
final purified antigen-bearing nanoparticles. Rpk? RBD SARS-CoV-2 KWOCA-18 bound
CR3022 more tightly than purified monomeric RBD, indicating that the antigen-beanng
nanoparticles remained antigenically intact,

During SEC purification, Rpk® RBD SARS-CoV-2 KWOCA-4 viclded three peaks,
two minor and one major. The clution vohume of the first munor peak (~10 mL) corresponded

o a protein complex with bigher molecular weight than expected, but slightly lower than that

corresponded o a protein complex (03) of the expected molecular weight. The elution
volume of the major peak (~14 mb} corresponded o a protein complex larger than that
expected for a triner. DLS of SEC fractions from cach peak indicated the formation of
aggregates in the first minor peak, monodisperse assemblies with expected hydrodynamic
diameters (~ 35 nm) in the second minor peak, and unassembled trimers 1 the major peak.
Further, nsEM of combined sccond minor peak fractions confirmed the assembiy of
homogenous antigen-bearing vanoparticles (Figure 3E). Additionally, to confinu that large

scale expression and punfication had not negatively impacted antigenicity, we used BLI to
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analvze binding of the final purified antigen-bearing nanoparticles. Rpk® RBD SARS-CoV-
2 KWOCA-4 bound CR3022 more tightly than purified monomeric RED, indicating that the
antigen-bearing nanoparticles remained antigenically udact.

Thus, we have provided genetically dehiverable nanoparticle vaccines by thoroughly
characterizing the biochemical, biophysical, and antigenic properties of mammalban

expressed, antigen-beanng secretion-optimized protein nanoparticles.

Methods
Plasmid construction

Wild-type and Rpk® RBDs were genetically fused to nanoparticles using linkers of 16
glvcine and senine residucs. All sequences were cloned into pCMV/R using the Xbal and
Avrll restriction sttes and Gibson assembly. Al antigen-bearing nanoparticles contained an

N-terminal mu-phosphatase signal peptide.

Protein production {small scale)

For small scale mammalian expression and purification of antigen-bearing
nanoparticles, Expi293F cells were passaged according to mamufacturer protocols
{Thermo¥Fisher Scientific). Cells at 3.0x10° cells/mL were transfected with 1 pg/mL cell
cultore of plasmid DBNA with 3 ug/ug PEEMAX in 70 pl/mL of colture. Cells were
harvested at 72 h post-transfection by centrifugation for 5 numstes at 4,100 g, addition of
PDADMAC solution to a final concentration of 0.0375% (Sigma Aldrich), a second
centrifugation at 5 minutes at 4,100 g, then sterile filtration of supematant (0.22 um,

Millipore Sigma).

Biclaver inferferomerry (small scale)

Bindmg of CV30 Ig(G to antigen-bearing nanoparticles was analyzed for antigenicity
using an Oetet Red™ 96 System (Pall FortéBio/Sartorius) at ambient teraperature with
shaking at 1000 rpm. Monomeric RBD positive control samaples were diluted to 100 M in
Kineucs buffer (Pall FortéBio/Sartorius). Buffer, antibody, receptor, positive control, and cell
supernatants were applied to a black 96-well Greiner Bio-one microplate at 200 pl per well.
Protein A biosensors were first hydrated for 10 mun in Kineties buffer, then dipped wto CV30
diluted to 10 pg/mb 1 Kivetics buffer in the immobilization step. Afier 300 s, the tips wore

transforred to Kinetics buffer for 90 s (o reach a baseline. The association step was performe

o
.
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by dipping the loaded biosensors into the immunogens for 300 s, and the subsequent
dissociation steps was performed by dipping the biosensors back into Kinetics baffer for an

additional 300 s.

Protein production and purification (large scale)

For punfication of plasmid DNA for large-scale transfection, bacteria were cultured
and plasmids were harvested according to the GIAGEN Plasmid PlusTM Maxi K™
protocol {QIAGEN). For large scale mammalian expression and punification of antigen~
bearing nanoparticles, Expi293F cells were passaged according to manefacturer protocols
{ThermoFisher Scientificy. Cells at 3.0x10° cells/mL were transfected with 1 pg/mL cell
culture of pusiticd plasmid DNA with 3 ug/ug PEL-MAX n 70 pl/ml of culture. Cells were
harvested at 72 b post-transfection by centrifugation for 5 minutes at 4,100 g, addition of
PDADMAC solution to a final concentration of 0.0375% {(Sigma Aldrich), a second
centrifugation at 5 nuoutes at 4,100 g, then sterile filtration of supematant {0.22 ww,
Mitlipore Sigma). Before loctm affinity chromatography, the filtered supematant was
adjusted to 50 mM Tris {(pH 8.0). For each hitre of supematant, 2 mi of Galanthus Nivalis Gel
{GNA) immobilized lectin conjugated resin (EY Laboratonies) was nnsed into PBS using a
gravity colwmn and then added to the supernatant, followed by overmnight shaking at 4 °C. The
resin was collected 16-24 h later using a gravity column, then washed twice with S0 mM Tris
{pH 8.0} 150 mM NaCl, 160 mM Argmine {pH %.0}, 3% v/v Glycerol, and 0.02% wiv
Sodium azide before chution of antigen-bearing nanoparticles using 50 oM Tris (pH 8.0} 130
mM NaCl, 100 mM Arginine (pH 8.0}, 5% v/v Glveerol, 8.02% wiv Sodium azide, and 1M
Methyl-a-D-mannopyranoside. Eluates were concentrated and applied to a Superose™ 6
Increase 107306 GL columa pre-equilibrated with 50 mM Tris (pH 8.0) 130 mM Na(ll, 166
mM Argiioe (pH 8.0}, 3% v/v Glveerol for preparative size exclusion chromatography
{(SEC}. Peaks corresponding to antigen-bearing nanoparticles were identified based on elution
volume. Fractions containing pure antigen-bearing nanoparticles were pooled and quantified
using a Nanolyrop 8000 Spectrophotometer (ThermoFisher Scientific), then stored at 4 °C
antil use or Hash-frozen in hguid mitrogen and stored at —80 °C. Protein content and purity at
cach step of expression and purtfication were analyzed by SDS-PAGE using Criterion precast

gels and electrophoresis systems {BIO-RAD).

Dhvnamic light scattering
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Dynamic Light Scattering {BLS) was used {o measure hvdrodynamic diameter (Dh)
and % Polvdispersity {%Pd) of antigen-bearing nanoparticles on an UNcle™ Nano-DSF
{(UNchamed Laboratories). Sample was applied to a 8.8 ul. quartz capillary cassette (UNi,
UNchained Laboratories) and measured with 10 acquisitions of 5 s each, using auto-
attenuation of the laser. Increased viscosity due to the inclusion of 3% v/v Glycerot in buffer

was accounted for by the UNele™ Client software.

Negative stain electron microscopy

To image antigen-bearing nanoparticles, protein samples were diluted 1o 0.0536-0.100
mg/md in 30mM Tris (pH 8.0}, with 150mM NaCl, 1006mM Arginine {pH 8.0}, 3% v/v
Glveerol. 400 mesh copper grids (Ted Pella) were glow discharged tmmediately before use.
3-6 pl of sample was applied to the grid for 1 min, then briefly dipped i a droplet of water
before blotting away excess hiqud with Whatman no. 1 filter paper. Grids were stained with
3-6 wl of 0.75 - 2% wiv uranyl formate stain, immediately blotting away excess, then stained
again with another 6 ul for 30 5. Grids were imaged on a Talos L120C transmission electron

microscope with a Ceta 4K CCB camera.

Biclaver inferferomerry (large scale)

Binding of CR3022 Ig{ to antigen-bearing nanoparticles was analyzed for
antigenicity using an Octet Red™ 96 System (Pall FortéBio/Sartorius) at ambient
temperature with shaking at 1000 rpm. Protein samples were diduted to 100 8M i Kinctics
buffer (Pall FortéBio/Sartonus). Buffer, antibody, receptor, and immunogen were then
applied to a black 86-well Greiner Bio-one microplate at 200 gl per well. Proicin A
biosensors were first hydrated for 10 min in Kinetics buffer, then dipped into CR3022 diluted
to 10 pg/ml in Kinctics buffer 1n the tmmobilization step. After 500 s, the tips were
transforred to Kinetics buffer for 90 s (o reach a baseline. The association step was performe
by dipping the loaded biosensors into the immunogens for 300 s, and the subsequent
dissociation stops was perforraed by dipping the biosensors back wdo Kinetics buffer for an

additional 3066 s.
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We claim
L. A polypeptide comprising an amino acid sequence at least 50%, 55%, 60%, 65%,
0%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%. or 100%

> >

wdentical to, and 1dentical at least at one dentified miertace position, to the anuno acid
sequence selected from the group consisting of SEQ [D NO:1-44, wherein residacs in
parentheses are optional, and may be present or absent; wherein any N-terminal methionine
residucs are optional and may be present or absent; and wherein some or all of the optional
residucs may be absent and not included for determining percent idenuity.

2. The polypeptide of claim 1, wherein the polypeptide 1s ideutical at least at two

wdentified interface positions relative to the reference anuno acid sequence.

3. The polvpeptide of claim 1, wherein the polypeptide is identical at least at five

identified interface positions relative to the reference araino acid sequence.

4, The polypeptide of claim 1, wherein the polvpeptide 1s identical at least at ten

wlentified interface positions relative to the reference amino acid sequence.

5. The polyvpeptide of claim 1, wherein the polypeptide is identical at all identified
miterface positions relative to the reference amine acid sequence.
65%

6. A polyvpeptide comprising an amino acid seguence at least 509, 55%, 60%
o - 2

>

T0%, 75%, 80%, 85%, 90%, 1%, 92%. 93%, 94%, 95%, 96%, 97%, 98%. 99%, or 100%

B

wdentical to the amino acid sequence selected from the group consisting of SEQ ID NG 45-

58, wherein residues in parentheses are optional, and may be present or absent; wherein any
N-terminal methionine residues are optional and mav be present or absent; wherein some or
all of the optional residues may be absent and not included for determining percent identity.
7. The polypeptide of any one of claims 1-6, wherein the polvpeptide comprising an

aming acid sequence at least 75% identical to the reference amino acid.

8. The polyvpeptide of any one of clains 1-6, wherein the polypeptide comprising an

ammo acid sequence at least 85% identical to the reference amino acid scquence.
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9, The polypeptide of any one of claims 1-6, wherein the polypeptide comprising an

arning acid sequence at least 90% identical to the reference anino acid sequence.

16 The polypeptide of any one of claims 1-6, wherein the polypeptide comprising an

amino acid sequence at least 95% identical to the reference aming acid sequence.

it The polypeptide of anyv one of clarms 1-6, wheren the polvpeptide compriging an

amino acid sequence at least 98% identical to the reference amino acid sequence.

12. A fusion protein, comprising:
{a) the polypeptide of any one of claims 1-11;
)] one or more additional polvpeptides; and
{c) optional amino acid linkers between the polypeptide and the one or more

additional polypeptides.

13 The fusion protein of claim 12, wherein the ong or more additional polypeptides

COTAprise an antigen.

14. The fusion protein of claim 13, wherein the antigen comprises a bacterial or viral
antigen.
15. The fusion protein of claim 14, wherein the bactenal or viral antigen comprises a

coronavirgs antigen, inchiding but not lmited to a SARS CoV-2 antigen.

16. ¢ fusion protemn of claim 15, wherein the coronavirus antigen comprises an ammo
acid sequence at least 30%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%, 92%, 93%,
G4%, 95%, 96%. 97%, 98%, 99%, or 100% identical to the amino acid sequence selected

from the group consisting of SEQ 1D NO: 59-70.

17. The fusion protein of any one of claims 12-17 comprising an amine acid sequence at

least 30%, 55%. 60%, 65%, T0%. T5%, 80%, 85%. 0%, 91%, 92%. 93%, 94%, 93%, 96%,

97%, 98%, 99%, or 1009 wdentical to the anuno acid sequence selected from the group
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congsisting of SEQ ID NG: 72, 74, 76, 78, 80, 82, 84, 86, 88, and 90, wherein residues in

parentheses are optional and mayv be present or deleted.

18, A nucleic acid encoding the polypeptide or fusion protemn of any preceding claim.

19, The nucleic acid of claim 18, wherein the nucleic acid comprises DNA.

20, The nucleic of claim 19, wherein the nucleie acid compriscs RNA.

21 The nucleic acid of claim 20, wherein the RNA comprises mRNA.

22. The nucleic acid of claim 20 or 21, wherein the RNA comprises nucleoside-modified

RNA, ncloding but not himited to Ni-methyvlpseudousidine-5 triphosphate containing RNA.

23. The nucleic acid of claim 21 or 22, wherein the mRNA comprises self-amplifving
mRNA.
24 The nucleic acid of any one of clatrns 18-23 encoding a polv A tail (DNAYor

comprising a poly A tail (RNA).

25, The nucleic acid of any one of claims 18-24 encoding a 5" UTR and/ora 3" UTR

{DNA)Y or comprising a 57 UTR and/or a 37 UTR {(RNA},

26, The nucleic acid of any one of claims 18-23, wherein the nucleic acid comprises a
nucleotide sequence at least 90% identical to the nucleotide sequence selected from the group
consisting of SEQ D NG: 73,75, 77, 79, 81, 83, 85, 87, 89, and 91, or an RNA transcript

thereof.
27, An expression vector, comprising the nucleie acid of any one of claims 1826, or a

nucleic acid encoding an RNA of any one of claims 20-26, operatively linked to a suitable

control sequence.
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28 A host cell comprising the polypeptide, fusion protein, nucleic acid, or expression

vector of any preceding claim.

29 A nanoparticle comprising a plurality of the polypeptides of any one of claims 1-5 and

7-11, and/or the fusion proteins of any one of claims 20-24.

30.  The nanoparticle of claim 29, wherein ali of the polvpeptides or fusion proteins are
fused o a polypeptide antigen, wherein the polvpeptide antigen may be identical i all of the
polvpeptides or fusion proteins, or wherein the nanoparticle may present more than one

poivpeptide antigen.

31, The nanoparticle of claim 29, whercin only a portion of the polypeptides or fusion
proteins are fused to a polypeptide antigen, wherein the polypeptide antigen present may be
identical in all cases, or wherein the nanoparticle may present more than one polypeptide

antigen.

5
|38

A pharmaceutical composition comprising
{a} the polypeptide, fusion protein, nucleie acid, cell, and/or nanoparticle of any
preceding claim; and

{h) a pharmaceutically acceptable carrier.

33, A vaccine comprising
{a) the polypeptide, fusion protein, nucleic acid, cell, and/or nanoparticle of any
preceding claim; and

{b} a pharmaceutically acceptable camer,

34 The pharmaceutical composition or vaccine of any preceding claim, comprising a

nucleic acid of any preceding claim.
35, The phamnaceutical composition or vaccine of claim 34, wherein the

pharmaceutically acceptable carrier comprises a cationic lipid such as a liposome, or a

cationic protein such as protamine.
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36, A method for treating an infection, comprising administening (o an mfected subject an
amount effective to treat the infection of the fusion protein of any one of claims 13-17 a
nucieic acid encoding the fusion protein, an expression vector compnsing the nucleie acid, a
cell comprismg the fusion protein, nucleic acid, or expression vector; and/or a pharmaceutical

composition comprising the fusion protein, nucleic acid, expression vector, or cell.

37, A method for louting development of an infection, comprising admunistering to a
subject at risk of infection an amount effective to hmit development of the infection of the
fusion protein of of any one of claims 13-17, a mucleic acid encoding the fusion protein, an
expression vector comprising the nucleic acid, a cell comprising the fusion protein, nucleic
actd, or expression vector; and/or a pharmaceutical composition comprising the fusion

protein, nucleic acid, expression vector, or cell,

38. The method of claim 36 or 37, wherein the mfection 15 a SARS CoV-2 infection.
39, A method for generating an immune response in a subject, comprising administering

o the subject an amount effective to generate an immune response of the fusion protein of
claim 21 or its dependent clats, 2 nucieic acid encoding the fusion protein, an exprossion
vector comprising the mucleic acid, a celi comprising the fusion protein, nucleic acid, or
gxpression vector; and/or a pharmaceutical composition comprising the fusion protein,

nucleic acid, expression vecior, or cell.
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